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INTRODUCTION  AND  SUMMARY 


In  June  1970,  Rocketdyne  began  a  combined  analytical  and  experimental  project 
under  Air  Force  Contract  No.  FO4611-7O-C-O0S6  to  extend  and  improve  a  previously 
developed  computerized  analysis  of  the  effects  of  injector  configuration  upon 
thrust  chamber  wall  compatibility  and  upon  performance.  The  project  was  a  con¬ 
tinuation  of  an  earlier  effort  under  Air  Force  Contract  F04611-68-C-G043  (Ref.  I), 
during  which  this  computerized  analysis  was  developed.  The  original  analysis  was 
done  with  seven  computer  programs  (LISP,  P0T,  3D-C0MBUST,  STRMTB,  BLEAT,  3D-DEAP, 
and  2D-ABLATE)  which  calculated  the  spray  patterns  and  gas  flow  field  in  a  thrust 
chamber  and,  subsequently,  the  resultant  heat  transfer,  charring,  and  erosion  of 
ablative  or  refractory  chamber  walls.  The  objectives  of  the  follow-on  program 
were  (1)  to  increase  the  range  of  injector  element  configurations  over  which 
liquid/liquid  propellant  systems  could  be  adequately  described  by  the  analysis, 

(2)  to  develop  an  additional  analysis  for  injector-face  heat  transfer,  and  (3}  to 
extend  the  overall  analysis  to  include  gas/liquid  injectors  and  other  cooling 
methods. 

The  first  phase  of  the  project  was  directed  toward  the  improvement  of  the  LISP 
computer  program  which  predicts  the  spray-mass  and  mixture -ratio  distribution 
downstream  of  conventional  impinging-stream  injectors  through  the  use  of  cold- 
flow-based  empirical  correlations.  The  spray  distribution  coefficients  for 
unlike  doublet,  triplet,  and  like-doub let-pair  single  elements  were  obtained  and 
correlated  over  a  wider  and  more  useful  range.  Correlations  were  also  developed 
for  the  HIPERTHIN*  like  doublet  and  the  gas/liquid  coaxial  element  from  cold- flow 
data.  A  subsequent  mass  distribution  model  for  the  gas/ liquid  coaxial  element, 
which  included  combustion  effects,  was  also  developed  when  the  cold- flow  model 
proved  inapplicable  to  thrust  chamber  flow  field  calculations. 

.An  injector-face  convective'  heat-transfer  model  was  developed  based  upon  assumed 
forms  of  the  velocity  and  mixture  ratio  profiles  in  the  recirculating  gas  flow 
fields  around  the  spray  jets  from  arrays  of  injector  elements.  Necessary 
empirical  coefficients  were  fitted  from  experimental  data. 


* Aero jet -General  trademark  for  a  micro -orifice  injector 
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Empirical  coefficients  in  the  model  were  evaluated  from  experimental  data  obtained 
during  the  project  with  doublet  and  triplet  elements.  The  analysis  was  subse¬ 
quently  converted  into  a  computer  program  (IHTM)  for  prediction  of  local  injector- 
face  heat  transfer. 

Three  improvements  were  incorporated  into  the  previous  3D-C0MBUST  computer  pro¬ 
gram  which  calculates  transverse  spray  migration  and  the  three-dimensional  gas 
flow  field  in  the  rapid  combustion  region  a  few  inches  downstream  of  the  injector. 
These  changes  were:  calculation  of  the  effects  of  collisions  between  unlike  pro¬ 
pellant  droplets  upon  mixture  ratio,  calculation  of  a  nonuniform  axial  velocity 
distribution  based  upon  a  one-dimensional  pressure  field,  and  use  of  a  variable 
k'  spray  evaporation  model  based  upon  local  mixture  ratio  in  the  chamber. 

Based  upon  the  results  of  burning  spray  heat  transfer  experiments,  the  calculation 
of  heat  transfer  at  thrust  chamber  walls  due  to  propellant  spray  impingement  was 
simplified  in  the  BLEAT  computer  program.  Near  injector  film  coefficients  are  now 
calculated  on  the  basis  of  an  injection  Reynold:  number;  the  unbumt  spray  at  the 
wall  is  assumed  to  effect  only  the  adiabatic  wall  temperature.  The  calculation  of 
convective  heat,  transfer  further  downstream  was  modified  to  make  use  of  the  Elliott 
Bartz-Silver  model  based  upm  the  buildup  of  the  energy  boundary  layer  thickness. 

The  analytical  modeling  and  computer  program  development  efforts  were  supported 
by  cold-flow  and  model  motor  firing  experimental  programs. 

Three  series  of  cold-flow  experiments  were  performed.  During  the  first  series, 
measurements  were  made  of  the  spray  distribution  patterns  produced  by  single- 
element  unlike  doublets,  triplets,  and  H IEERTHIN  like  doublets.  These  measure¬ 
ments  were  made  to  allow  development  of  correlations  of  spray  coefficients  for 
the  LISP  program.  In  the  second  series  of  cold-flow  experiments,  the  overall 
spray  distributions  from  multielement  injectors  were  measured  and,  in  particular, 
the  amount  of  propellant  spray  impinging  upon  the  chamber  walls  within  0.75  inch 
downstream  of  the  injector.  Results  from  these  experiments  indicated  that  back¬ 
wash  of.  spray  near  the  injector  face  is  minimal.  The  third  series  of  experiments 
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was  performed  to  measure  recirculation  gas  velocities  near  the  inj ector  face 
which  were  predicted  in  the  analytical  model  due  to  the  aspiration  effects  of 
discrete  spray  jets.  Although  only  a  limited  number  of  successful  measurements 
were  made  during  this  test  series,  reverse  gas  velocities  up  to  65  ft/sec  were 
measured. 

A  total  of  86  model  motor  firings  was  made  with  two  injectors  (an  8 -element  unlike 
doublet  and  a  12-element  triplet  injector.)  and  with  the  [^0^/50%  N,H^-S0%  UDMH 
propellant. combination.  These  firings  were  made  to  measure  injector-face  heat 
transfer  and,  in  addition,  axial  variation  of  static  pressure.  Tests  were  made 
over  a  mixture  ratio  range  from  0.91  to  1.84  arid  a  chamber  pressure  range  from 
46f6  to  472  psia.  Chamber  dimensions  corresponded  to  contraction  ratios  of 
1.04,  2.15,  and  4.3,  and  chamber  lengths  of  8  and  16  inches.  Local  heat  fluxes, 
varying  from  0.75  to  7.2  Btu/in.  -sec,  were  measured  on  the  injector  face  with 
electro formed  heat  flux  transducers  developed  particularly  for  the  program. 
Unfortunately,  a  large  fraction  of  the  transducers  failed  to  function  satisfac¬ 
torily  after  manufacture  so  that  only  a  limited  number  of  usable  transducers  was 
obtained.  Because  of  this,  successful  local  heat  flux  measurements  were  made  at 
only  three  locations  on  each  injector  face,  which  was  insufficient  to  allow  ade¬ 
quate  demonstration  of  the  analytical  model  for  injector-face  heat  transfer. 

A  final  series  of  experiments  was  performed  to  evaluate  the  heat  transfer  from 
an  electrically  heated  metal  strip  to  the  impinging  spray  from  a  single  doublet. 
Both  water  and  the  burning  propellant  combination  N ^0^/50%  N^H^-50%  UDMH  were 
tested  in  the  open  air  to  minimize  gaseous  convection. 

Four  demonstration  analyses  were  performed  with  the  system  of  computer  programs 
to  evaluate  their  usefulness  as  design  tools.  These  analyses  were:  (1)  the  pre¬ 
diction  of  face  heat  transfer  to  a  338-eleraent,  like-doublet  injector  using  the 
propellant  combination  CIF^/ji-20  Fuefv  (2 }  prediction  of  performance  and  chamber 
wall  heat  transfer  in  a  model  motor  test  employing  a  112-element,  like-doublet- 
pair  injector  and  the  FLOX/55%  methane-45%  ethane  fuel  blend  at  a  nominal  mixture 
ratio  of  3.75  and  a  nominal  chamber  pressure  of  104  psia;  (3}  prediction  of 
*80%  hydra zine-20%  monomethylhydrazine 
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conditions  existing  during  a  classified  motor  firing;  and  (4)  prediction  of  wall 
heat  transfer  and  performance  for  a  40-element  gas/liquid  coaxial-element  injector 
employing  the  propellant  combination  at  a  nominal  mixture  ratio  of  6,0 

and  a  nominal  chamber  pressure  of  500  psia. 

This  report  is  subdivided  into  four  major  sections  which  respectively  present: 

•  A  brief  review  of  the  analytical  model  and  the  system  of  computer  pro¬ 
grams  in  their  present  form 

•  A  description  of  the  analytical  studies  made  to  extend  the  capabilities 
or  the  analytical  model 

•  A  description  of  the  experimental  studies  done  in  support  of  the  ana¬ 
lytical  effort 

•  The  results  from  the  four  motor  firing  analyses  made  to  demonstrate  the 
computer  programs 
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MODEL  FOR  THRUST  CHAMBER  COMPATIBILITY  AND  PERFORMANCE  ANALYSIS 

\ 

The  following  brief  review  is  presented  to  acquaint  the  new  user  with  the  basis 
of  the  various  computer  programs  and  to  establish  the  background  for  the  subse¬ 
quent  Analytical  Studies  section.  A  more  detailed  description  of  the  model,  as 
originally  developed,  is  provided  in  Ref.  1. 

CHAMBER  FLOW  FIELD 

As  formulated  previously  (Ref.  I  ),  the  theoretical  model  to  describe  the  combus¬ 
tion  and  flow  processes  in  a  liquid  rocket  thrust  chamber  is  structured  with  the 
combustor  and  divided  into  the  following  three  zones  (shown  in  Fig. 1  ): 

1.  An  injection/atomization  zone  in  which  the  liquid  propellants  are 
atomized  into  spray,  with  the  propellants  being  mainly  confined  to 
relatively  discrete  jets  along  the  momentum  vectors  of  the  individual 
elements 

2.  A  rapid  combustion  zone  in  which  most  of  the  liquid  propellants  are 
vaporized  and  reacted,  and  the  resultant  gases  are  distributed  across 
the  chamber  by  a  transverse  velocity  field 

3.  .An  expansion  region  in  which  burning  is  completed  under  essentially 
"stream  tube"  flow  conditions,  and  the  gas  is  expanded  to  sonic,  then 
supersonic  velocities 

The  three  zones  represent  regions  in  which  different  physical  mechanisms  (sur¬ 
face  tension,  interphase  drag,  inertia,  gas-phase  turbulence,  etc.)  are 
dominant.  Therefore,  different  terms  in  the  various  differential  and  algebraic 
conservation  and  state  equations  which  describe  the  flow  field  may  be  neglected 
when  analyzing  each  region.  Between  the  three-dimensional  combustion  gas  flow 
field  of  Fig.  1  and  the  chamber  walls  is  a  thin  boundary  layer.  Gradients  in 
velocity,  temperature,  and  composition  in  the  boundary  layer  are  functions  of 
the  local  free  stream  conditions  and  the  wall  cooling  method.  These  gradients, 
in  turn,  control  the  heat  transfer,  char  rate,  and  erosion  of  the  walls. 
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Figure  1.  Separation  of  Combustion  Chamber  Into  Zones  for  Analysis 


Figure  .  2.  Recirculation  Pattern  Between  Spray  Jets  in  the 
Pre- reaction  Zone 


6 


Therefore,  the  response  of  the  walls  is  determined  by  the  combustion  processes 
in  the  three  tones  of  the  main  flow  field. 

The  inj ection/ atomization  zone  immediately  adjacent  to  the  injector  is  least 
amenable  to  analytical  description  because  of  the  large  gradients  with  respect 
to  propellant  mass  distribution  which  exist  in  all  directions,  as  well  as 
incomplete  droplet  atomization  and  (most  probably)  deviations  from  thermodynamic 
equilibrium  for  initially  cold  propellants.  Nonetheless,  at  least  a  simplified 
model  of  the  flow  field  in  this  region  is  necessary  for  prediction  of  injector 
face  heat  transfer.  Therefore,  a  model  was  formulated  for  the  gas  flow  field 
near  the  injector  based  on  the  assumed  recirculation  patterns  shown  in  Fig.  2  . 
These  recirculation  patterns  in  regions  of  low  spray  concentration  are  assumed 
to  be  driven  by  the  aspiration  effects  of  spray  drag  upon  the  combustion  gas 
in  regions  of  high  drop  concentration  along  with  the  global  continuity  require¬ 
ments  for  low  degrees  of  vaporization. 

A  description  of  the  main  gas  flow  field  is  obtained  from  the  finite-difference 
(numerical)  solution  of  a  set  of  nonlinear  differential  and  algebraic  equations 
originally  formulated  by  Sutton  (Ref.  2).  These  relations  represent  the  conser¬ 
vation  of  mass  and  momentum  for  the  spray  and  gas  phases  as  well  as  the. state 
equation  for  the  combustion  gas  at  its  local  mixture  ratio  and  appropriate  ex¬ 
pressions  for  the  drag' coefficients  and  evaporation  rates  of  single  droplets. 

The  numerical  calculations  follow  (in  a  marching  fashion)  the  injected  spray 
from  the  injector  to  the  nozzle  throat. 

Employing  the  finite  difference  procedure,  the  chamber  volume  is  divided  into  a 
sufficient  number  of  nodes  or  mesh  points  so  that  the  differences  are  representa¬ 
tive  of  the  gradients  in  temperature,  flow,  phase,  and  species  concentration  within 
the  chamber.  However,  to  be  useful,  the  array  of  mesh  points  and  associated  vari¬ 
ables  must  not  require  excessive  computer  core  storage  space  or  machine  time  in 
the  calculations.  To  achieve  a  satisfactory  compromise,  the  overall  chamber  vol¬ 
ume  as  shown  in  Fig.  1  is  usually  subdivided  into  typical  slices  between  planes 
of  symmetry  exhibited  by  the  injector  element  pattern.  For  example,  the  solution 
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0f  a  flow  field  downstream  of  the  45-degree  chamber  segment  shown  between  rays 
OA  and  OC  of  Fig.  3  ,  i.e.,  of  the  chamber  slice  shown  in  Fig.  4  is  all  that 
is  required  to  completely  describe  the  flow  field  downstream  of  the  36-element 
injector  of  Fig.  3  because  all  other  45-degree  segments  will  be  equivalent  as 
mirror  images  of  the  first.  It  should  be  noted  in  Fig.  3  that  additional 
injector  elements  outside  the  slice  AOC  should  be  considered  in  determining  the 
spray  concentration  within,  the  slice;  however,  the  13  elements  inside  the  broken 
lines  represent  only  one-third  of  the  total  injector  elements  and  mesh  points  must 
be  assigned  to  only  one-eighth  of  the  chamber  cross  section. 

The  mesh  network  employed  in  the  3D-C0MBUST  computer  program,  which  performs  the 
finite  difference  calculations  describing  the  rapid  combustion  zone  as  shown  in 
Fig.  4  t  is  defined  in  terms  of  a  cylindrical  coordinate  system  (r,  0,  z)  with 
the  thrust  chamber  axis  coinciding  with  the  z  axis.  Either  the  injector  face  or 
the  plane  of  the  injection  element  impingement  points  is  ordinarily  chosen  as  z  =  0, 
with  the  positive  sense  of  z  being  in  the  direction  of  the  bulk  gas  flow.  The 
angular  coordinate  0  is  ordinarily  referenced  to  the  right  hand  boundary  of  the 
chamber  slice  being  investigated,  e.g.,  QC  of  Fig.  3  and  4  is  chosen  as  9  =  0. 

The  present  version,  of  the  3D-C0MBUST  program  has  computer  storage  space  allotted 
for  up  to  105  mesh  points  in  any  z-plane.  For  simplicity  in  programming,  the 
mesh  points  are  defined  for  equal  Ar  and  A0  intervals  between  adjacent  mesh  points. 

An  example  of  a  typical  r,  9  mesh  network  for  a  given  z  plane  in  the  rapid  combus¬ 
tion  zone  is  shown  in  Fig.  5  . 

In  the  stream  tube  combustion  zone  shown  in  Fig.  4  ,  the  flow  is  described  by 
the  STRMTB  computer  program  with  the  flow  in  each  stream  tube  being  considered 
one-dimensional,  i.e.,  no  interchange  of  mass  or  energy  is  allowed  between  stream 
tubes.  In  this  region,  the  conditions  in  only  the  stream  tubes  next  to  the  wall 
directly  affect  the  wall  response.  Therefore,  it  is  convenient  and  sufficiently 
accurate  to  combine  interior  mesh  points  from  the  three-dimensional  region,  as 
typified  by  Fig.  5  ,  into  a  limited  number  of  large  stream  tubes  while  maintain¬ 

ing  small  stream  tubes  near  the  wall.  Figure  A  shows  an  example  of  the  combining 
or  lumping  of  the  mesh  system  of  Fig.  5  into  a  useful  stream- tube  array.  The 
STRMTB  program  is  dimensioned  to  employ  up  to  40  stream  tubes  in  a  given  calculation. 
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INJECTION  ATOMIZATION  REGION 


The  injection  atomization  zone  shown  in  Fig.  I  is  described  by  two  computer  pro¬ 
grams:  Liquid  Injector  Spray  Patterns  (LISP)  and  Injector  Heat  Transfer  Model 
(IHTM).  The  LISP  program  calculates  the  spray  mass  and  mixture  ratio  distributions 
at  the  plane,  downstream  of  the  injector,  chosen  to  start  the  marching  combustion 
calculations.  The  IHTM  program  calculates  the  velocity,  temperature,  and  mixture 
ratio  distributions  for  the  gas  between  the  spray  jets  and  then  defines  the  local 
heat  transfer  coefficient  distribution  on  the  injector  face. 

LISP  COMPUTER  PROGRAM 

2 

The  LISP  computer  program  calculates  spray  mass  fluxes  (Ibm/in,  sec)  at  mesh 
points  in  the  chosen  plane  (r,  8,  zq)  by  the  straightforward  summation  of  the  mass 
fluxes  from  individual  injector  elements 

NEL 

v  O,  9,  zq)  =  X  wi  (r>  6*  20)  (1) 

i=l 

a  technique  first  used  by  Rupe  (Ref.  3  )  to  analyze  the  spray  distributions  in 
the  Corporal  engine.  The  method  is  considered  to  be  effective  when:  (1)  the 
individual  injector  elements  have  predictable  spray  flux  patterns  which  can  be 
measured  and  correlated;  (2)  the  individual  spray  patterns  of  the  various  elements 
are  not  destroyed  between  the  element  impingement  points  and  the  plane  by  col¬ 
lisions  between  neighboring  fans;  and  (3)  there  is  Limited  vaporization  of  injected 
spray  mass  between  the  element  impingement  points  and  plane  zq  such  that  the  un¬ 
certainty  in  vaporized  spray  mass  is  10  percent  or  less  of  the  total  injected  spray 
mass.  These  requirements  are  usually  met  when  the  liquid  jets  axe  fully  turbulent, 
i.e.,  the  element  orifices  have  sufficient  length/diameter  ratio  and  surface  rough¬ 
ness  to  provide  fully  developed  turbulent  velocity  profiles  in  the  impinging  liquid 
streams,  and,  in  addition,  the  plane  zq  is  on  the  order  of  i  to  2  inches  downstream 
of  the  injector. 
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The  use  of  Eq,  1  to  calculate  the  total  spray  flux  at  a  position  (r,  9,  z) 
requires  relationships  for  the  spray  flux  from  each  individual  element.  Based 
upon  the  general  shape  of  the  mass  flux  distributions  observed  in  single  element 
cold- flow  experiments  with  doublets,  triplets,  and  four- on-one  (pentad]  elements, 
the  following  expression  with  several  constants  to  be  empirically  determined  has 
been  chosen  to  describe  w. 


Equation  2  is  applied  separately  to  each  propellant  from  an  element.  The  (x,y,z) 
coordinate  system  used  in  Eq.  2  is  referenced  to  the  impingement  point  of  the 
element.  The  empirical  coefficients  a,  b,  wQ01  and  through  C&  are  functions  of 
such  parameters  as  element  type  (doublet,  triplet,  etc.]  impingement  angle,  orifice 
diameter,  impinging  stream  momenta,  orifice  length,  and  manifold  effects.  The  form 
of  Eq.  2  was  chosen  because  it  satisfies  continuity,  predicts  the  observed  inverse 
square  relationship  between  mass  flux  and  distance  from  the  impingement  point,  and 
because  closed  form  integrals  of  Eq.  2  and  its  x  and  y  moments  over  the  x,  y 
plane  allow  straightforward  evaluation  of  the  empirical  coefficients  from  experi¬ 
mental  cold-flow  data. 


Although,  this  spray  correlation  equation  with  its  nine  coefficients  is  unwieldy 
to  use  even  in  a  computerized  calculation,  the  expression  usually  may  be  simplified 
so  that  the  form  of  Eq.  2  generally  serves  only  to  provide  the  total  computer  core 
allocation.  For  the  usual  injector  element  types  (doublet,  triplet,  etc.],  require¬ 
ments  for  fan  symmetry  and  a  spray  mass  flux  that  must  be  positive  for  z  greater 
than  zero  specifies  that  many  of  the  coefficients  must  be  either  zero  or  related  to 
other  coefficients .  For  example,  with  the  like  doublet  the  coordinate  system 
shown  in  Fig.  7  .leads  to  a  much  simpler  expression. 
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Figure  Single  Like  Doublet  Element  Coordinate  System 

Because  at  least  one  of  the  coefficients  (ordinarily  wqq^)  can  eliminated  by 
the  requirement  for  global  continuity  of  the  total  flowrate  from  the  element  (lbm/ 
sec),  only  three  spray  coefficients,  a,  b,  and  C^,  are  actually  required  to  de¬ 
scribe  the  distribution  of  flow  from  a  like  doublet*. 

In  its  present  form,  the  LISP  model  considers  that  conventional  injector  elements 
can  be  .classified  in  terms  of  nine  types: 

1.  Unlike  doublet 

2.  Like  doublet 

3.  Like -doublet- pair 

4.  Triplet 

5.  Four-on-one  (Pentad) 

6.  Gas/liquid  coaxial  element 

7.  Showerhead 

8.  Special  callout  by  general  spray  flux  equation 

9.  Gas  transpiration  cooled  injector  face 

*The  expression  for  mass  flux  from  a  like  doublet  is  actually  even  simpler  because 
in  correlating  experimental  cold-flow  data,  coefficient  is  set  equal  to  a. 
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The  general  shape  of  the  spray  mass  flux  distributions  and  the  coordinate  reference 
frames  (x,y,z)  defined  in  LISP  for  the  unlike  doublet,  the  like-doublet-pair,  the 
triplet,  and  the  four-on-one  element  are  shown  in  Fig.  8  through  Fig.  10  .  The 
mass  flux  distributions  for  the  Type  6  gas/liquid  coaxial  element  and  the  Type  7 
showerhead  element  axe  naturally  axi symmetric  about  the  element  axis.  Employing 
symmetry,  the  generalized  correlation  presented  by  Eq.  2  reduces  to  the  following 
expressions  for  the  Type  1  through  Type  7  elements: 


Unlike  Doublet  (same  equation  form  for  either  orifice) 
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Figure  3a.  Mass  Flux  Contours  for 
Doublet  With  Equal  Diam¬ 
eters  and  Equal  Stream 
Momenta 


Figure  3b.  Mass  Flux  Contours  for 

Doublet  With  Unequal  Diam¬ 
eters  and  Equal  Overall 
Stream  Momenta 


Figure  9.  Geometric  Factors  Affecting  the  Propellant 
Distribution  for  Like- Doublet-Pair  Injector 
Elements 


15 


16 


i 


(7a) 

(7b) 


The  actual  methods  used  to  evaluate  the  spray  coefficients  in  the  simplified 
distribution  equations  are  discussed  in  the  Analytical  Studies  section  of  this 
report.  Correlated  values  of  the  spray  coefficients  for  Type  1  through  Type  6 
elements  in  terms  of  their  controlling  parameters  (orifice  diameters  and  dia¬ 
meter  ratios,  impinging  stream  momentum  ratios,  jet  impingement  angles,  etc.)  are 
stored  in  the  subroutines  of  the  LISP  computer  program,  the  stored  values  being 
restricted  to  the  range  of  these  parameters  for  which  cold  data  are  available. 

The  Type  7  showerhead  element  was  found  to  exhibit  such  a  narrow  mass  distribution 
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profile  around  its  element  centerline  that  it  was  impractical  to  develop  correla¬ 
tions  for  it  to  be  used  in  finite  difference  calculations.  The  Type  8  and  Type  9 
elements  represent  special  cases.  The  Type  8  element  is  provided  to  give  the  user 
the  maximum  flexibility  in  setting  up  a  problem.  The  total  flow  from  the  element 
is  calcuiated  as  if  the  element  were  a  doublet  with  equivalent  orifice  diameters, 
and  the  mass  flux  distribution  is  calculated  by  means  of  Eq.  2  .  However,  spray 
coefficients  for  the  Type  S  element  are  supplied  directly  as  input  data  rather 
than  being  supplied  by  subprograms  within  LISP.  This  feature  permits  the  designer 
to  develop  a  cold-flow  characterization  of  the  element  (or  elements)  to  be  incorpo¬ 
rated  into  a  prospective  injector  and  then  employ  the  correlated  experimental  spray 
coefficients  directly  in  LISP.  This  procedure  is  useful  not  only  when  spray  co¬ 
efficients  are  not  available  in  LISP,  but  also  when  such  factors  as  short  L/D  and 
manifold  crossflows  are  important  because  such  effects  may  be  included  in  the 
supplemental  single-element  experiments.  Mass  flux  from  the  Type  9  (rigimesh 
transpiration  cooling)  element  is  not  calculated  in  LISP  by  means  of  Eq.  2  >  but 

is  treated  as  being  uniformly  distributed  over  the  injector  face  and  the  cross 
section  of  the  chamber  under  consideration. 


Because  the  burning  rate  calculations  of  the  3D-C0MBUST  and  STRMTB  combustion 
programs  require  specification  of  drop  diameters,  an  option  is  included  in  the 
LISP  program  to  calculate  a  mean  drop  diameter  for  Type  1  through  Type  S  elements. 
The  volume  mean  diameter  is  calculated  from  Dickerson's  correlations  (Ref.  4  ) 
which  have  the  general  form 

D30  "  0  U  UD°"  (9) 

n  n 

and  is  based  on  drop  size  measurements  in  hot  wax  experiments. 


The  drop  diameter  required  for  use  in  the  combustion  calculations  must  be  modified 
from  the  hot  wax  average  diameter  because  of  secondary  breakup  from  gas /drop  shear 
and  interfan  droplet  collisions.  The  combustion  drop  diameter  used  in  the  combus¬ 
tion  calculations  is  obtained  from  Falk's  method  (Ref.  5  ),  i.e.. 


VD30 


B 


.  where  B  is  the  secondary  breakup  term  which  is  about  a  linear  function 


(10) 
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of  the  relative  velocity  between  the  gas  and  liquid  (AV)  and,  thus,  primarily  .of 
the  contraction  ratio.  The  relations  currently  used  in  the  LISP  program  are 
tabulated  later  in  the  report.  The  drop  diameters  defined  by  Eq,  9  and  10 
apply  to  the  flow  from  individual  elements.  The  average  drop  diameters  at 
the  various  (r,  9)  mesh  points  in  plane  zq  used  in  the  calculations  are  the 
mass- flux  weighted  means  of  the  drops  from  all  elements  whose  spray  impinges 
upon  point  (x,  9,  z^)« 


Mass-weigh. ted  drop  velocity  vectors  are  calculated  at  each(r,  6,  z)  mesh  point 
based  upon  the  assumptions  that  (1)  the  injection  kinetic  energies  of  the  drops 
are  conserved  and  (2)  the  drops  travel  along  rays  (straight  lines)  from  the  ele¬ 
ment  impingement  points.  With  these  assumptions,  the  velocity  component  Up  for 
drops  from  element  i  at  (x,y,z)  in  the  coordinate  system  of  element  i  is  given  by 


D 
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with  analogous  expressions  for  uQ  and  . 

y  z 

In  addition  to  calculating  mass  fluxes  and  drop  sizes  on  a  cold- flow  basis,  a 
"combustion- reduced"  mass  flux  is  calculated  an  the  basis  of  the  simplified  drop¬ 
let  burning  relation 
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which  was  obtained  by  integration  over  Az  of  a  simplified  version  of  the  k'  evap' 
oration  model.  Corresponding  reduced  droplet  diameter  is  calculated  from  the 
following: 
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The  accumulation  of  spray  on  chamber  walls  and  baffle  surfaces  is  accounted  for 
by  introducing  (folding  in)  spray  from  additional  raesh  lines  defined  outside  the 
actual  chamber  slice  boundaries.  Spray  calculated  to  impinge  on  such  "extra" 
mesh  lines  in  a  plane  z ^  is,  in  the  real  chamber,  physically  stopped  by  chamber 
walls  upstream  of  z^  and  flows  along  the  wall  to  the  z.. -plane  wall  mesh  points. 
Assuming  that  angular  spray  velocities  are  unaffected  by  the  wall,  these  folding 
calculations  should  be  physically  correct. 

A  logic  diagram  for  the  LISP  computer  program,  lists  of  subroutines,  and  input 
and  output  data  are  presented  in  the  Analytical  Developments  Section. 

INJECTOR  HEAT  TRANSFER  MODEL 

The  Injector  Heat  Transfer  Model  (IHTM)  was  formulated  to  analytically  describe 
the  local  heat  transfer  rate  to  the  injector  face.  A  description  of  the  combus¬ 
tion  and  gas  circulation  in  the  near-injector  region  where  the  spray  exists  as 
relatively  discrete  jets  is  required.  This  region  extends,  presumably,  from  the 
injector  face  to  a  distance  somewhere  between  0.5  and  1.5  inches  downstream  of 
the  injector,  the  distance  depending  upon  such  factors  as  orifice  diameter,  ele¬ 
ment  type,  jet  impingement  distance,  injection  velocity,  and  chamber  contraction 
ratio.  Analysis  of  this  gas  flow  field  has  been  structured  in  the  same  general 
fashion  as  the  LISP  program  for  the  spray  distribution. 

This  approach,  namely  a  linear  summation  of  contributions  from  each  injector  ele¬ 
ment,  represents  a  simplification  of  the  actual  physical  system  but,  nonetheless 
provides  a  systematic  method  by  which  empirical  data  for  single  elements  or  sim¬ 
ple  arrays  of  elements  can  be  used  for  a  general  computerized  analysis.  Such  an 
approach  is  similar  to  that  used  for  the  overall  injector  chamber  compatibility 
analytical  model,  and  it  provides  a  flexible  framework  for  utilizing  the  separate 
results  from  basic  experimental  studies  of  the  various  combustion  processes  in  a 
simple  manner  which  is  theoretically  consistent  to  the  degree  that  a  partially 
’’linearized"  treatment  of  a  nonlinear  problem  can  be.  It  is  expected  that  a 
later  improvement  of  the  Injector  Heat  Transfer  Model  will  be  possible  after  ex¬ 
perience  in  its  application  is  obtained  along  with  additional  experimental  data. 
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The  physical  model  for  the  region  close  to  the  injector  considers  the  gas  flow  to 
be  driven  by  the  punping  action  of  the  injected  liquid  streams.  Two  types  of  such 
recirculating  gas  flows  are  considered.  The  first  is  inter-element  recirculation 
pattern  as  shown  in  Fig. 11a  and  the  second  is  inter- jet  recirculation  within  a 
single  element  as  shown  in  Fig.  lib.  A  combination  of  both  types  is  naturally 
also  possible;  in  fact,  the  real  flow  in  the  injector  region  is  probably  comprised 
of  both.  The  effect  of  the  inter-jet  recirculation  is  probably  not  important  in 
the  case  of  like  doublets,  but  may  contribute  substantially  to  injector  erosion 
problems  when  unlike  doublets  are  employed  or  when  one  of  the  propellant  vapors 
is  unusually  reactive  with  the  injector  surface. 

Numerical  solution  of  the  continuity,  momentum  and  energy  relationships  for  the 
gas  flow  field  and  the  injector  heat  transfer  was  not  considered  appropriate 
due  to  the  conplexity  of  the  three-dimensional,  two-phase  flow  equations.  In¬ 
stead,  a  version  of  the  integral  boundary  layer  technique  was  used  to  obtain  the 
velocity  and  concentration  profiles  in  the  near- injector  region.  With  the  integral 
boundary  layer  technique,  functional  relationships  containing  undetermined  con¬ 
stants  are  assumed  for  the  axial  gas  velocity  distribution  and  the  concentration 
distribution.  Some  of  the  constants  in  these  relationships  are  determined  from 
requirements  for  continuity  of  mass  and  from  boundary  conditions.  The  remaining 
constants  in  the  relationships  have  been  determined  from  experimental  data. 

The  injector  face  heat  flux  is  calculated  from 


2-0 

where  the  normal  temperature  gradient  is  obtained  from  the  energy  equation.  At 
the  present  time,  the  IHTM  computer  program  uses  the  one-dimensional 'energy 
equation 


h  [»  ^  V  £]  ■  p  CP  o  -  v  (i3) 

to  calculate  the  temperature  profile  near  the  injector  face. 

Further  details  of  the  analytical  model  are  developed  in  the  Analytical  Studies 
section. 
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COMBUSTION  MODELS 


3D  C0MBUST  COMPUTER  PROGRAM 

The  theoretical  model  for  the  rapid  combustion  and  mixing  zone  as  shown  in  Fig.l 
is  based  upon  the  specialization  to  a  cylindrical  coordinate  system  of  a  general 
analytical  formulation  for  multiphase  reacting  flows  developed  under  another  Air 
Force  contract  (Ref.  2  ).  The  combustion  model  consists  of  two  sets  of  algebraic 
and  partial  differential  equations  describing  the  conservation  of  mass  aqd  (to 
the  greatest  degree  possible)  of  momentum  and  energy  for  the  gas  and  liquid  spray 
phases.  The  two  sets  of  equations  are  linked  by  drag  and  evaporation  coupling 

terms . 

For  the  gas  phase,  the  theoretical  model  employs  an  overall  mass  continuity 
relation. 
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A  mixture  ratio  (species)  continuity  relation, 
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and  the  axial  momentum  equation 
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along  with  the  state  and  the  adiabatic  energy  relations 
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T  -  T°  [l  -  V  M°2] 
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These  equations  are  used  to  define  local  values  of  the  six  variables  u^,  ur»  Ug, 
c,  p3  and  T.  Because  there  are  only  five  relations  available  to  define  the  six 
desired  unknowns,  the  overall  continuity  relation  expressed  by  Eq.  14  is  actually 
modified  to 


which  implies  that  a  velocity  potential  is  assumed  to  exist  for  the  transverse 
velocities  due  to  the  unequal  local  generation  of  gas  by  evaporation  of  nonuiu- 
formly  distributed  spray.  The  use  of  this  velocity  potential  for  transverse 
velocities  is,  therefore,  equivalent  to  the  assumption  made  in  the  usual  stream 
tube  analysis  that  flow  distributes  itself  over  a  given  cross  section  of  the  flow 
field  so  as  to  satisfy  axial  momentum  relations  and  global  continuity. 

The  theoretical  model  considers  drops  of  each  propellant  and  different  size  groups 
of  the  same  propellant  to  be  distinguishable  (separate)  phases.  Discriptive  equa¬ 
tions  for  each  droplet  phase  (denoted  by  the  subscript  j)  include: 


Conservation  of  spray  mass 


Continuity  of  droplet  numbers 


(19) 


(20) 
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and  momentum  conservation  equations  in  the  2,  r,  and  9  directions  as  typified  by 
the  z-momentum  relation 


Droplet  mass  and  number  concentrations  are  related  by 
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while  the  spray  and  gas  phases  are  coupled  through  the  drag  and  evaporation  relations 
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where  the  k’  evaporation  coefficient  is  given  by 
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This  system  of  partial  differential  equations  is  solved  by  a  finite  difference 
technique  in  a  marching  fashion  from  a  starting  plane  zq  where  conditions  are 
defined  by  the  LISP  computer  program  to  a  final  plane,  z^>  where  the  calculation 
is  transferred  to  STRMTB,  stream  tube  combustion  program.  In  a  mesh  system  of 
regular  Ar  and  A9  spacings  (Fig.  5  ),  central  finite  difference  approximations 
are  used  around  the  point  r,  9,  e.g, , 
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3U  _  ^r+Ar  *V-At 
3r  "  2Ar 


3U  U9+A6  ”  U8-A8 
36  2A9 

and  backward  difference  partial  approximations  are  used  in  the  z  direction  at 
plane  z2  and  r>  0,  e.g. 

3U|  _  Ur,9,2  "  Ur,6,l 

^z'r,0,2  22“z1 

Predictor/ corrector  techniques  axe  used  at  each  z  plane  in  the  marching  calcula¬ 
tions.  In  the  predictor  cycle  the  phase -coupling  terms  and  the  coefficients  for 
the  various  derivatives  axe  defined  at  the  previously  calculated  points  (r,9,z  =  Zj) 
and  in  the  corrector  these  are  updated  to  the  current  values  at  (r,0,  z  =  Z2)« 

The  system  of  (m  x  n)  linear  difference  (algebraic)  equations  in  m  unknowns  and  n 
mesh  points  is  solved  through  use  of  matrix  methods  which  take  advantage  of  the 
fact  that  the  coefficient  matrix  for  the  system  of  equations  is  tridiagonal  in 
form,  i.e.,  the  non-zero  elements  lie  essentially  on  the  three  main  diagonals. 

Three  matrix  routines,  BAND,  ABAND,  and  TRIDI  are  employed  to  solve  the  gas -phase 
continuity,  gas -phase  axial  momentum,  or  gas -phase  mixture  ratio  and  spray -phase 
equations,  respectively. 

As  discussed  later  in  the  Analytical  Developments  section  of  this  report,  the  cham¬ 
ber  pressure  is  assumed  to  be  only  a  function  of  the  z  coordinate  and  spray  migra¬ 
tion  is  assumed  to  be  a  function  not  only  of  interphase  drag,  but  also  of  droplet 
collisions . 

A  logic  diagram  for  the  3D-C0MBUST  program  together  with  a  list  of  subroutines  and 
the  input  and  output  data  are  presented  in  the  Analytical  Developments  Section. 
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STREAM  TUBE  COMPUTER  PROGRAM  (STRMTB) 


Analysis  with  the  preceding  three-dimensional  combustion  model  is  moderately  ex¬ 
pensive,  particularly  if  multiple  drop  size  groups  are  defined  for  each  propellant. 
Therefore,  the  overall  combustion  analysis  is  structured  for  use  of  the  three- 
dimensional  model  over  as  short  a  portion  of  the  combustor  length  as  possible  and 
subsequent  use  of  a  simpler  model  for  analysis  of  continued  combustion  further 
downstream.  This  model  maintains  differences  in  local  mass  and  mixture  ratio 
existing  at  the  end  of  the  3D-C0M3UST  region,  but  utilizes  the  simplifying  assump¬ 
tions  of  one-dimenisonal  flow  in  the  stream  tubes  formed  by  lumping  mesh,  points 
of  the  3D-C0MBUST  region  as  depicted  in  Fig.  6  - 

As  implied  by  the  name  ’'stream  tubes,”  propellant  flows  (both  sprays  and  combustion 
gases)  which  initially  enter  a  stream  tube  are,  thereafter,  constrained  to  flow  in 
that  tube;  no  provisions  are  made  for  exchange  of  mass,  momentum,  or  energy  among 
neighboring  stream  tubes.  Flow  within  each  stream  tube  is  treated  as  one -dimensional 
by  further  specialization  of  the  three-dimensional  model  equations  to  a  single 
dimension.  The  model  formulation,  therefore,  parallels  the  three-dimensional 
formulation;  the  same  nomenclature  is  used  except  that  directional  subscripts  (r, 

6,  z)  are  dropped  and  a  subscript  (s)has  been  added  to  denote  stream  tube  indexing. 
The  stream  tube  equations,  being  one -dimensional ,  are  ordinary  differential  equa¬ 
tions.  When  converted  to  finite  difference  form,  they  are  similar  to  the  system 
of  equations  programmed  in  earlier  .one-dimensional  liquid  spray  combustion  models; 
hence,  the  computer  programming  was  structured  along  lines  paralleling  those  exist¬ 
ing  programs. 

In  the  one- dimensional  conservation  equations,  cross-sectional  flow  area,  As(z), 
appears  as  an  explicit  variable.  Most  prior  one -dimensional  combustion  models 
have  been  based  on  this  being  a  known,  independent  variable  (chamber  area  or  some 
proportionate  function  of  it).  In  the  multiple  stream  tube  formulation,  As(z) 
appears  as  a  dependent  variable  for  which  a  solution  must  be  found.  Individual 
stream  tube  areas  can  vary,  however,  only  under  the  constraint  that  the  sum  over 
all  stream  tubes  must  equal  the  local  chamber  cross-sectional  area.  This  constraint 
couples  the  stream  tube  solutions  together.  A  second  constraint  (assumed  in  order 
to  close  the  problem)  is  that  pressure  is  constant  across  any  z-plane  cross  section. 
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The  stream  tube  conservation  relations  for  total  mass  and  z-momentiun  of  the 
respective  gas  and  spray  phases  corresponding  to  relations  in  Ea.14,  16,  19, 
and  21  are: 


2.  Gas  Phase  Momentum 


The  relations  for  temperature  and  pressure  are  the  same  as  Eq.  17  and  18  and,  as 
in  the  3D-C0M8UST  program,  such  properties  as  stagnation  temperature,  molecular 
weight,  viscosity,  and  specific  heat  ratio  are  considered  to  be  single-valued 
functions  of  mixture  ratio,  i.e.,  no  Mach,  number  corrections  are  applied  to  prop¬ 
erties  evaluated  at  stagnation  conditions.  In  addition,  the  relations  for  inter- 
phase  drag  and  droplet  evaporation  rate  are  equivalent  to  Eq.  22  through  24  of 
the  3D-C0MBUST  formulation. 

The  stream  tube  and  three-dimensional  models  differ  in  the  formulation  of  the 
mixture  ratio  continuity  equations  which,  in  the  case  of  the  steam  tube  program, 
is  simply 
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in  place  of  three  dimensional  Eq.  15  .  In  addition,  the  area  continuity  relation¬ 
ship  is  introduced,  i.e.. 


The  most  significant  difference  between  models,  however,  occurs  in  the  equations 
for  droplet  number  continuity.  If  a  polydisperse  spray  is  included  (more  than  one 
drop  size  group  for  each  propellant,  the  total  number  of  drops  in  each  stream  tube 
ate  conserved  by  the  relation 


which  is  analogous  to  Eq.  20  in  the  3D-C0MBUST  model. 


However,  an  alternative  formulation,  used  if  monodisperse  sprays  are  input,  has 


droolet  diameters  held  constant 
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constant,  and  the  spray  droplet  rumber 


flowrates  are  reduced  to  account  for  gasification: 


The  stream  tube  model,  like  any  rocket  combustion  model,  must  satisfy  a  downstream 
boundary  condition  in  the  form  of  sonic  surface  near  the  nozzle  throat.  With  one- 
dimensional  models,  this  is  customarily  considered  to  be  a  planar  surface  at  the 
throat.  The  throat  boundary  condition  is  not  imposed  during  the  numerical  solution 
of  the  equations,  but  is  invoked  by  comparing  the  calculated  gas  velocity  at  the 


throat  to  calculated  local  static  sound  speed  there.  Rather  than  require  precise 
equality,  an  acceptable  error,  c,  is  defined.  If  |ut  -  a  |  >  e,  inconsistent 
initial  plane  conditions  have  been  used,  so  an  adjustment  is  made  in  either  initial 
propellant  flowrates  or  chamber  pressure  and  the  entire  model  calculations  are 
repeated  until  ju^.  -  a  [  < 


There  is  nothing  in  the  formulation  of  the  stream  tube  model,  to  prevent  one  or 
more  stream  tubes  from  flowing  sonic  while  others  are  still  subsonic;  consequently, 
matching  the  norrle  throat  boundary  condition  is  somewhat  nebulous.  Two  features 
appear  in  the  model  to  ensure  a  close  approximation.  The  first  requires  that  if 
any  stream  tube  that  goes  sonic  upstream  of  the  geometric  nozzle  throat  the  flow 
is  subsequently  constrained  to  continue  at  its  local  sound  speed  to  the  throat. 

If  these  gas  velocities  are  not  constrained,  these  streams  go  supersonic,  but  the 
pressure  is  too  high  so,  according  to  continuity  of  mass,  their  areas  decrease. 

This  leaves  more  flow  area  for  the  subsonic  flows  so  that  they  are  under-accelerated 
and  the  pressure  remains  high,  leading  to  computational  instabilities.  The  second 
feature  is  the  use  cf  an  averaged,  single  stream  tube  analysis,  with  iterations 
to.  adjusting  i.he  initial  plane  conditions  to  satisfy,  on  a  one-dimensional  basis, 
the  throat  sonic  flow  condition,  prior  to  performing  any  multiple  stream  tube  cal¬ 
culations.  A  further  refinement  is  a  multiple  stream  tube  starting  pressure 
defined  by 


y  c*._  w 
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where  is  a  stream  tube  total  propellant  flowrate,  c*^  is  its  theoretical 
characteristic  velocity  determined  simply  from  its  injection  mixture  ratio,  c. 


is 


c*. 
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c*(c. 
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and  cv  is  similarly  the  theoretical  c*  evaluated  at  overall  engine  injection 
mixture  ratio.  The  bracketed  term  is  just  a  mixing  inefficiency  corresponding  to 
complete  spray'  gasification  and  reaction.  Its  use  gives  throat  velocities  that 
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are  typically  o  to  10  percent  below  sound  speeds.  From  this  same  rationale,  a 
characteristic  exhaust  velocity  efficiency,  n=*,  is  calculated  for  nozzle  throat 
conditions  from: 


c* 
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The  present  STRMTB  computer  program  permits  the  definition  of  up  to  40  stream 
tubes  and  12  drop  group  sizes  in  a  combustion  analysis.  In  addition  to  calculating 
the  usual  combustion  gas  parameters  for  performance  calculations,  it  also  calculates 
several  useful  parameters  for  use  in  heat  transfer  calculations  from  the  stream 
tubes  located  adjacent  to  the  chamber  walls.  A  logic  diagram  for  the  STRMTB  program 
a^or-s  with  a  detailed  description  of  the  marching  calculational  procedure  and  the 
program  input  and  output  data  are  presented  in  Ref.  1 

The  development  effort  on  the  STRMTB  computer  program  during  the  current  project 
was  confined  to  a  few  minor  coding  changes.  However,  an  advanced  version,  linked 
to  sopr. icated  models  for  the  nozzle  expansion  of  chemically  reacting  flows  is 

currently  under  development  as  part  of  the  DER  (Distributed  Energy  Release)  Analysis 
(Ref.  6  ) , 
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BOUNDARY  LAYER  ANALYSIS 


The  BLEAT  computer  program  calculates  the  parameters  which  control  local  thrust 

chamber  wall  compatibility  on  the  basis  of  the  combustion  gas  flow  field  defined 

by  the  3D-C0MBUST  and  STRMTP.  programs.  The  paraiteters  of  interest  3re  the 

adiabatic  wall  temperature,  f  ,  the  heat  transfer  film  coefficient,  h  ,  and  the 
»  .  S 

concentrations  of  any  corrosive  species  in  the  near-wall  combustion  gas.  For 

ablative  thrust  chambers,  temperature  and  chemical  composition  are  more  important 

than  the  film  coefficient.  With  regenerative  and/or  film  cooling,  T,  and  h 

Aw  g 

are  of  approximately  equal  importance  and  chemical  composition  plays  a  minor  role. 
Wall  compatibility  parameters  are  calculated  in  a  separate  computer  program,  BLEAT, 
rather  than  in  the  3O-C0MBUST  and  STRMTB  programs,  themselves,  primarily  to  simplify 
modifications  to  the  analytical  models  of  physical  processes  in  the  boundary  layers 
which  are  presently  poorly  understood. 

The  BLEAT  analytical  model  divides  the  chamber  wall., boundary  layer  into  two  "free 
stream”  regions  defined  by  the  3D-C0MBUST  and  STRMTB  models.  In  portions  of  the 
region  bordering  the  3D-C0MBUST  zone,  appreciable  amounts  of  unbumed  spray  may 
impinge  upon  the  chamber  walls  and  the  transverse  gas  velocity,  u^,  may  be  com¬ 
parable  to  the  axial  gas  velocity  u^.  In  the  second  region,  cozt&s ponding  to  the 
STRMTB  (stream  tube)  zone  of  the  main  flow  field,  the  liquid  spray  impingement  is 
low  (none  is  defined  by  the  STRMTB  model)  and  the  axial  gas  velocity  is  high  rela¬ 
tive  to  transverse  components.  For  the  second  region,  a  highly  simplified  version 
of  the  Slliot-Bartz-Silver  analysis  (Ref.  7)  was  originally  programmed  for  use  with 
ablative  chambers,  and  provisions  were  made  in  both  the  STRMTB  punch  card  output 
and  the  BLEAT  punch  card  input  data  formats  for  expansion  of  the  model  to  handle 
the  highly  coded  boundary  layers  associated  with  regenerative  cooling.  In  the 
first  (cr  upstream)  region,  bounding  the  5D-C0MBUST  zone,  the  original  analysis  was 
based  upon  a  model  proposed  earlier  by  Rowley  at  the  Jet  Propulsion  Laboratory 
(Ref.  8). 
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3&-C6MBUST  REGION 


la  che  ups  cream  region,  the  net  heat  flux  and  the  equilibrium  surface  temperature 
were  assumed  to  represent  a  competition  between  periodic  heating  by  the  gas  and 
spray  cooling  by  liquid  drops.  This  model  is  expressed  by  a  relation 

«tAH  -  V  -  •  V  -  """spray  <25  ’ 

net  heat  heat  flux  heat  removed 

flux  from  gas  by  3pray 

based  upon  Rowley’s  formulation  (Ref.  8  ).  Use  of  Eq.  25  required  definition 
of  che  time  averaged  heat  transfer  coefficients  and  h.  Very  little 
pertinent  work  in  this  regard  was  found  in  the  literature  other  than  the 
exploratory  studies  of  Rowley  (Ref  3,9.10)-  A  theoretical  analysis  of  the  transient 
heating  and  vaporization  of  a  flattened  single  drop  upon  a  surface  formed  the 
basis  for  a  model  which  defined 
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where  and  mQX  are  the  masses  of  fuel  and  oxidizer  evaporating  at  a  given 
location  (©,2)  on  the  wall.  The  model  assumed  that  liquid  droplets  reach  thexr 
saturation  temperature  before  contact  with  the  wall  and  also  assumed  no  mixing 
and  chemical  reaction  of  the  propellant  vapors  at  the  wall.  Use  of  Eq.  26 
requires  definition  of  and  For  lack  of  a  better  specification,  the 

assumption  was  made  in  Ref.  1  that  the  evaporation  rate  on  the  wall  is  equal 
co  the  evaporation  rate  of  an  equal  amount  of  drops  in  the  adjacent  gas  stream 
as  calculated  by  the  3D-C&IBUST  program.  For  convenience  in  calculations  with 
ablative  chambers,  the  bracketed  AT  ratios  in  Eq.  26  were  modified  to 
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because  the  surface  temperature  of  an  ablative  chamber  quickly  approaches  the 
adiabatic  wall  temperature  except  at  very  low  chamber  pressures.  Similarly 
the  net  heat  flux  quickly  approaches  zero;  therefore  Eq.  25  was  approximated  by 

hS  (Tg  -  V  -  I  Spray  =  0 

which  permits  the  adiabatic  wall  temperature  to  be  calculated  by  means  of  the 
quadratic  formula.  The  approximate  is  used  in  the  substitution  defined  by 
Eq,  27  either  for  subsequent  heat  transfer  calculations  by  means  of  Eq.  26 
or  as  a  definition  supplied  to  ablative  response  computer  programs. 

The  hoc  gas  heat  transfer  coefficient  in  the  upstream  region  was  defined  through 
the  assumption  that  a  kernel  defined  by  the  usual  Dittus  Soelter  equation 

St  =  0.023  Re~°‘2  Pr-*67 
should  be  modified  by  a  factor 


z 


to  account  for  the  fact  that  gas  velocity  component  into  the  wall  should  enhance 
the  gas- co-wall  heat  transfer. 


3S 


In  Ref.  1,  the  value  of  C^was  theoretically  estimated  to  be  approximately  13.0  by 
numerical  integration  of  the  forced  convection  energy  equation  over  an  overall 
turbulent  boundary  layer  thickness  chosen  equal  to  one  Ar  increment  of  the  3D- 
C0KBUST  program  mesh  system.  This  calculation  was  made  under  the  assumption 
that  both  the  axial  velocity  profile  and  the  eddy  diffusivities  for  heat  and 
momentum  could  be  represented  by  the  same  relations  33  apply  for  ordinary  pipe 
flow  or  for  the  flat  plate  without  a  pressure  gradient.  The  calculated  powerful 
effect  of  radial  velocity  was  considered  to  be  reasonable  in  terms  of  the  known 
high  heat  transfer  rates  at  the  stagnation  point  of  cylinders  or  bluff  bodies  in 
cross  flow. 

STROT3  REGION 


Calculations  of  heat  transfer  coefficient  in.  the  downstream  portion  of  the  chamber 
were  based  upon  the  assumptions  that  physical  property  variation  across  the 
boundary  layer  was  not  important  (for  ablative  chambers)  and  that  the  Stanton 
number  would  be  approximately  equal  to  that  for  a  flat  plate  with  its  leading 
edge  at  the  injector  face  exposed  to  a  free  stream  with  a  temperature,  velocity, 
and  mixture  ratio  equal  to  that  of  the  stream  tubes  at  the  wall.  The  Stanton 
number  was  defined  as 


with  the  Reynolds  number  and  energy  thickness  defined  as 


The  relations  employed  above  differ  from  the  usual  Ell to t-B arts- Silver  analytical 
procedure  primarily  in  thac  no  allowance  was  made  for  variation  in  the  energy 
thickness  due  to  acceleration  of  the  combustion  gas  either  by  vaporization  or 
nozzle  convergence. 
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GAS  TEMPERATURE 


The  use  of  the  equilibrium  thermodynamic  temperature  of  the  gas  at  its  local 

mixture  ratio  as  the  definition  of  T  in  the  heat  transfer  relations  of  the 

S 

BLEAT  program  was  found  to  give  predictions  of  T^  which  were  considerably  higher 
than  the  experimental  values  measured  in  a  model  motor  firing  program  conducted 
concurrently  with  the  development  of  the  ICC  system  of  computer  programs  (Ref.  1)- 
An  empirical  expression 
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In  Eq.  29a  ,  represents  some  minimum  gas  temperature,  is  the  equilibrium 

thermodynamic  gas  temperature  at  the  local  mixture  ratio,  and  is  the  axial  gas 

velocity  corresponding  to  complete  burning  of  the  propellant  at  the  mixture  ratio 

and  contraction  ratio  of  the  problem.  The  ratio  (u  /u  )  is  therefore  seen  to 

z  c 

be  equivalent  to  the  local  percent  bum. 


A  simple  method  of  accounting  for  the  effects  of  residual  spray  cooling  in  the 
stream  tube  region  was  developed  by  simply  assuming  that  the  local  effective  gas 
temperature  for  heat  transfer  was  equal  to  the  local  combustion  gas  temperature 
in  the  stream  tube  times  the  local  fraction  burned.  This  amounts  to  assuming  that 
the  spray- gas  two-phase  flow  is  equivalent  to  a  gas  flow  whose  enthalpy  potential 
is  equal  to  Che  mean  enthalpy  of  the  two  phase  mixture. 


In  the  downstream  region  of  the  thrust  chamber,  the  Mach  number  effects  require 
a  correction  for  kinetic  enthalpy;  therefore,  the  general  definition  for 
adiabatic  wall  temperature  in  the  stream  cube  region  is  used 
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*  The  enthalpy  of  the  liquid  is  effectively  zero  in  comparison  to  the  enthalpy 
of  the  combusted  gas  at  the  local  mixture  ratio. 
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ANALYTICAL  DEVELOPMENTS 


The  analytical  efforts  during  the  program  were  directed  toward  the  general  improve¬ 
ment  of  the  entire  previously  developed  Injector/Chambei  Compatibility  Analysis  by 
broadening  the  range  of  applicability,  improving  the  accuracy  of  the  calculations, 
and  reducing  the  amount  of  engineering  labor  required  in  processing  the  computer 
analysis  of  a  problem.  The  first  phase  was  directed  toward  improvement  of  the 
LISP  program.  A  second  phase  was  directed  toward  development  of  a  model  for  the 
combustion  gas  flow  field  close  to  the  injector  and  the  resultant  heat  transfer 
to  the  injector  face,  A  third  phase  was  directed  toward  improvement  of  the  cal¬ 
culations  made  by  the  3D-C0MBUST  and  BLEAT  programs. 

PHASE  1:  IMPROVEMENT  OF  THE  LISP  ANALYSIS 

Upon  completion  of  the  initial  development  of  the  Injector /Chamber  Compatibility 
Analysis  (Ref.  1  ),  the  LISP  computer  program  was  recognized  to  be  deficient  in 
several  areas.  First,  the  correlations  of  the  spray  coefficients,  required  for 
prediction  of  single  element  mass  and  mixture  ratio  profiles,  had  been  included 
for  only  a  very  limited  range  of  controlling  parameters,  such  as  orifice  diameter, 
impingement  angle,  impinging  stream  momentum  ratio,  etc,,  even  for  common  elements, 
such  as  the  doublet  and  triplet.  Second,  the  definition  of  mean  drop  size  for  the 
spray  from  the  various  elements  was  unsatisfactory*.  Third,  the  required  punched- 
card  input  data  were  so  extensive  that  it  made  the  processing  of  multi -element  in¬ 
jector  calculations  excessively  time-consuming  for  the  designer.  Finally,  because 
much  of  the  advanced  technology  in  liquid  rocket  engines  was  shifting  toward  gas/ 
liquid  and  gas/gas  injection  schemes,  it  was  important  to  determine  whether  the 
LISP  concept  of  adding  single  element  contributions  to  produce  an  overall  injector 
flow  field  was  also  applicable  to  the  gaseous  injection  schemes.  Improvement  of 
LISP  in  all  areas  was  beyond  the  scope  of  this  project;  therefore  several  were 


*The  lack  of  effective  mean  drop  size  correlations  actually  reflects  the  state  of 
the  art  in  this  area  of  combustion  technology  rather  than  representing  a  short¬ 
coming  of  the  LISP  program. 
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selected  for  further  development  and  were  incorporated  into  the  analysis.  These 
were : 

1.  Correlation  of  spray  coefficients  over  a  more  useful  range  was  accomplished 
for  the  unlike  doublet,  the  triplet,  and  the  like- doublet-pair  elements  and 
added  to  LISP  subroutines. 

2.  The  program  input  requirements  and  format  were  restructured  to  reduce  pro¬ 
gramming  labor;  also,  the  output  was  restructured  for  more  convenient  use 
in  subsequent  3D-C0MBUST  calculations. 

3.  A  tentative  analytical  model  for  gas/liquid  coaxial  elements  was  incorpo¬ 
rated  into  the  program. 

A  description  of  these  developments  is  presented  in  the  following  paragraphs. 
UNLIKE-DOUBLET  SPRAY  CORRELATIONS 


The  initial  spray-coefficient  correlations  for  unlike  doublets  presented  in  Ref.  1 
were  based  upon  the  cold-flow  data  provided  by  Rupe  from  the  investigation  reported 
in  Ref.  11.  Because  of  a  characteristic  of  Rape's  experimental  apparatus,  correla¬ 
tions  were  based  almost  completely  upon  mass  collected  along  the  x  and  y  axes  as 
defined  in  Fig.  8  .  These  correlations  were  considered  to  be  directly  applicable 

only  for  the  case  of  equal  impinging  stream  momenta.  This  made  the  correlations 
useful  for  like  doublets*,  but  not  for  unlike  doublets,  which  satisfy  the  Rupe 
criterion  for  optimum  performance. 


P1  V  D1  -  p2  U2  °2 


(30) 


The  Rupe  criterion  for  most  propellant  combinations  at  their  optimum  mixture  ratio 
corresponds  to  unlike  doublets  with  unequal  orifice  diameters  and  unequal  stream 
momenta.'*  Spray  coefficient  correlations  applicable  for  injection  conditions  approx¬ 
imately  satisfying  the  Rupe  criterion  were  developed  from  three  sets  of  data  obtained 

*The  assumption  was  made  that  a  like  doublet  is  equivalent  to  an  unlike  doublet  with 
equal  orifice  diameters  and  the  same  propellant  flowing  from  each  orifice. 
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from  Rocketdyne  experiments  at  the  conditions  shown  in  Table  1  and,  in  addition, 
re-correlation  of  data  from  a  number  of  Rupe's  cold-flow  experiments  to  permit  the 
correlation  curves  to  be  extrapolated  to  equal  diameter  and  equal  momentum  condi¬ 
tions  as  limiting  cases.  Data  obtained  with  the  Rocketdyne  cold-flow  sampling 
apparatus  (see  the  description  in  the  Experimental  Studies  section  of  this  report) 
were  particularly  useful  for  this  purpose  because  the  29x29  equal  increment  sampling 
matrix  permitted  efficient  mapping  of  spray  flux  over  the  x-y  plane  as  defined  in 
Fig. 8  without  requiring  geometric  transformations  before  application  to  Eq.  2  . 


Table  1  Rocketdyne  Cold-Flow  Spray  Distribution  Data  for  the 
Unlike  DoubLet  Element* 


Water 

Orifice 

Diameter, 

inch 

Trichloroethylene 

Orifice 

Diameter, 

inch 

Diameter 

Ratio 

Mixture 

Ratio 

Momentum 

Ratio 

0.028 

0.038 

1,36 

1.73  to  2.03 

1.1  to  1.52 

0 .028 

0.C46S 

1.66 

2.30  to  2.59 

1.3  to  1.67 

0.085 

0.130 

1.53 

1.65  to  2.93 

0.78  to  2.51 

•Obtained  with  water/trichloroethylene  propellant  simulants 
and  with  an  impingement  angle  of  SO  degrees 


The  development  of  unlike  doublet  correlation  coefficients  was  done  with  the  re¬ 
vised  single  element  coordinate  system  shown  in  Fig.  12  .  This  revised  coordinate 

system  is  chosen  with  the  resultant  spray  momentum  vector  as  the  z  axis  rather 

E 

than  the  originally  used  perpendicular  bisector  of  the  element  impingement  angle 
Yp -  The  change  in  coordinate  definition  corresponds  essentially  to  a  translation 
of  the  y  =  0  location  by  an  amount 


Ay 


/*!  U1  -  *2  U2 
\"l  U1  *  *2  U2 
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where  w  and  U  are  injection  weight  flow  and  injection  velocity  from  orifices  1  and 
2  and  z is  the  z  plane  at  which  the  spray  mass  is  being  collected. 
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Figure  12  Coordinate  System  for  Unlike  Doublet  Element 
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The  change  in  selected  coordinate  system  was  made  because  the  spray  pattern  of 
the  unlike  doublet  has  been  found  to  be  distributed  about  the  resultant  momentum 
line  in  Such  a  fashion  that  the  spray  coefficients  (b ,  and  Cg)  can  be  corre¬ 
lated  in  a  more  consistent  fashion  with  the  new  coordinate  system  than  was  possible 

when  the  perpendicular  bisector  was  used  for  the  axis. 

E 

i 

The  technique  used  for  evaluation  of  the  various  spray  coefficients  was  to  equate 
the  experimental  values  of  suitable  x  or  y  momentum  arms  cf  the  mass  flux  distri¬ 
bution  to  the  corresponding  analytical  expressions  obtained  by  integration  of 
Eq.  +  over  the  x,y  plane.  For  example,  the  first  y  moment  arm  of  the  collected 

mass  of  a  given  propellant  in  the  Rocketdyne  29  x  29  element  spray  collection  matrix 
is 

£  £  yr  t  w. 
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The  corresponding  analytical  expression  is 


OO  00 

J  f  yw(x,y,zc)  dxdy 
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so  so  (in  the  collection  plane  z  ) 

j~  J  wCx,y,zc^  dxdy 

-to  -OO 


(32) 


Ef  Eq.  4  is  substituted  for  w(x,y,zcj  the  closed  form  integral  of  Eq.32  becomes 


It  is  clear  that  an  equal  number  of  equations  and  unknown  coefficients  can  be  ob- 
tamed  which  may  be  solved,  in  principle,  for  the  spray  coefficients.  However, 
because  the  momentum  arm  integrals  are  not  linear  in  the  spray  coefficients  and, 
further,  because  the  accuracy  in  determination  of  momentum  arms  higher  than  Y2 

E 
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or  X  E  was  not  satisfactory,  evaluation  of  the  spray  coefficients  required  some 
exploration  to  develop  a  satisfactory  technique.  To  evaluate  the  spray  coeffic¬ 
ient  b,  it  was  useful  to  define  a  modified  doublet  correlation 

2 


w(x,y,z)  = 


001 


From  Eq.  32  ,  Y*A  becomes 


1  *  ci‘  $  -  ~r  $  Jj^  *  <v  (f)2 


21  -a$  -b*2 


71  _  Zc  Cl' 
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•V  second  expression  in  b  and  C,'  is  obtained  by  defining  the  ratios 

p>  CO 

J  f  w(x,y,zc)dxdy 


S  I  ~oa  _co 

n  l  r 


y  wCXaO.z^Jdx 


(34) 


cl  I  I  Wx  J 

Sj  „  1=1,29  J=1 .29  I,J 


i  I 


1=1,29 


where  JQ  is  the  row  of  the  spray  collection -device  corresponding  to  the  resultant 
momentum  vector  of  the  doublet  and  A  is. the  width  of  the  row. 


Integration  of  Eq.34.  gives 


(35) 
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Equation  33  and  35  provide  two  expressions  which  may  be  solved  for  the  coefficients 
b  and  C  '  in  terms  of  the  measured  parameters  Yc  and  S/S  L.  The  value  of  b  ob- 

■1  c  O  fc 

tained  is  assumed  to  also  apply  for  Eq.  4  ,  the  "working**  expression  for  the  un¬ 

like  doublet.  The  value  of  C^*  ,  an  intermediate  coefficient,  is  then  discarded 
after  obtaining  the  coefficient  b. 

i 

The  coefficient  b  was  found  to  be  a  function  of  both  momentum  ratio  and  diameter 
ratio.  The  correlations  assigned  to  coefficient  b  in  terms  of  these  parameters 
after  smoothing  the  experimental  data  are  shown  in  Fig. 13  and  14  ,  respectively, 
for  both  the  smaller  and  larger  orifices  of  the  doublet.  These  values  should  be 
used  in  place  of  the  values  presented  in  Fig.  11  of  Ref.  1  . 

Procedures  similar  to  that  described  for  coefficient  b  were  employed  to  briefly 
re-examine  spray  coefficients  a  and  C^.  The  correlations  reported  previously  in 
Ref.  1  were  found  adequate  and  no  changes  were  made. 


The  spray  coefficients  and  C,.  are  employed  to  describe  the  displacement  of  the 
center  of  mass  of  either  propellant  from  the  resultant  momentum  line  of  the  ele¬ 
ment.  Calculation  is  based  on  the  observation  that,  in  the  cold  flow  data  analyzed, 
the  overall ‘center  of  mass  of  the  propellant  from  each  orifice,  defined  by 


fj  y  (x*y)  ixty 

oo 

[J  ^(Xy)  dxdy 


(36a) 
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00 

jjf  “2(x- 


y)  dxdy 


II  W2CXl 


y)  dxdy 


(36b) 


could  be  correlated  satisfactorily  in  terms  of  y^,  the  resultant  momentum  line 

coordinate  and  the  initial  trajectory  coordinates  Y  and  Y-  defined  by 

±  £  r 

*Eq.  36a  is  equivalent  to  Eq.  36b  except  that  in  the  latex  derivation  the  symbols 
are  subscripted  to  distinguish  between  the  flow  from  orifices  1  and  2. 
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Y1  =  zc  tan  (~f) 


Y2  =  zc  tan  (-§.) 


The  relations  found  to  apply  were 

=  Yi  “°'96  Cif1  -  yM) 

72  =  V2  -0.96  (Y2  -  yM) 


(37a) 

(37b) 


where  the  coefficient  0.96  represents  an  average  for  a  range  of  coefficient  values 
from  0.93  and  0.98  depending  upon  the  approach,  to  the  Rupe  criterion  in  Eq.  30 
and  the  diameter  ratio. 

In  a  similar  fashion,  the  centers  of  mass  for  the  spray  along  the  plane  of  symmetry 
of  the  element. 
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y)  dy 
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J  y  w2(x=o,y)  dy 
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J  w2(x=o,y 


y)  dy 


(38b) 


could  be  located  in  terms  of  Yj,  Y,  and  the  centerline  resultant  momentum  line 
Y^  q  defined  by 


'“l  U1  w2  U2' 


ly 


centerline  \ 
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COEFFICIENT,  LARGER  ORIFICE  ^  b  COEFFICIENT,  SMALLER  ORIFICE 


Rjj  -  1.0 


MOMENTUM  RATIO 


iguxe  13  Variation  of  b  Coefficient  With  R.  and.  R-.  for 
Smaller  Orifice  of  Unlike  Doublet”  ^ 


Figure  14  Variation  of  b  Coefficient  With  and  R  for 
Larger  Orifice  of  Unlike  Doublet  M  ^ 


The  expressions  chosen  to  describe  the  relationship  are 


r*-- =  Yl  -  \,»M  ^  '  W 

*2,o  =  Y2  *  "  yM,o> 


The  factor  X.  .  for  either  orifice  varies  from  approximately  0.9  to  1.02,,  de¬ 
pending  upon  which  orifice  is  smaller,  upon  the  diameter  ratio  Rp  and  upon  the 
total  momentum  ratio  R^. 

Equations  37a  and  37b  define  or  y ,  and  y  1  ^  and  ^  are  defined  by 


o,i  2b. 


Cl,i 


if  ci  • 1 

L1  -fer"! 


i  =  1  or  2 


which  was  obtained  by  integration  of  Eq.  4  with  x  =  o.  With  coefficient  b  de¬ 
fined  by  Eq.  33  and  35,  and  with  yy  defined  as  y  =  o,  the  coefficient  C  is 
calculated  from 


'1,1 


1.0  -/l.o  -  2bj  yK 


7r  2 

a 


°'S  ^2,0 


at  plane  =  l.G 

A  similar  relation  defines  C$  after  C±  has  been  calculated,  ihe  new  relationships 
for  the  unlike  doublet  coefficients  have  been  incorporated  into  the  spray  coeffi¬ 
cient,  library  routines  in  the  revised  LISP  program  along  with  those  previously 

defined  for  a  and  C, . 

4 
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TRIPLET  SPRAY  CORRELATIONS 


Calculation  of  the  spray  patterns  for  the  triplet  element  has  been  done  with 
Eq.  5a  and  5b  as  shown  in  the  Analytical  Model  section  with  empirically  determined 
values  of  b^,  b£,  and  ^  outer  orifice  pair  1  and  inner  orifice  2, 

respectively. 


Only  one  set  of  cold  flow  data,  obtained  with  one  single  element  geometry,  was 
available  during  the  original  Injector/ Chamber  Compatibility  project  for  determin¬ 
ation  of  spray  coefficients  and,  consequently,  the  general  applicability  of  the 
correlations  was  questionable.  During  the  current  program,  additional  data  were 
obtained  with  the  Rocketayne  cold-flow  collection  matrix  and  with  a  triplet  of 
different  orifice  sizes.  As  reported  in  the  Experimental  Program  section  of  this 
report,  a  total  of  eight  new  cold-flow  experiments  were  performed;  however,  the 
data  from  the  first  three  were  only  of  limited  usefulness  because  of  difficulties 
in  obtaining  proper  stream  impingement.  These  data  and  the  earlier  data  from 
Ref.  1  provide  the  overall  parametric  matrix  shown  in  Table  2  . 


Table  2  Available  Triplet  Cold-Flow  Spray  Distribution  Data 
for  the  Single  Element  Triplet* 


Water 

Orifice 

Diameter, 

inch 

Tri  ch  1  o  r  o  ethy  1  ene 
Orifice. 
Diameter, 
inch 

Diameter 

Ratio 

Mixture 

Ratio 

Impingement 

Angle, 

degrees 

0.043 

0.067 

1.55 

0.41  to  6.7 

70 

0.085 

0.130 

1.53 

0.49  to  2.64 

70 

*lf5ing  water/trichloroethylene  propellant  simulants. 


These  combined  data  show  variation  of  spray  distribution  with  momentum  ratio 
(by  valuation  of  mixture  ratio)  at  two  ranges  of  single  element  size. 

coefficients  were  obtained  and  correlated  by  procedures  equivalent  to  those 
employed  for  the  unlike  doublet.  However,  because  of  the  simpler  spray  distribu¬ 
tion  relations,  applicable  to  the  triplet,  the  spray  flux  moment  arm  expressions 


49' 


were  correspondingly  simpler.  From  Eq.  5a  and  32,  the  first  y  moment  arm  of  the 
flux  is  given  by 


CO  OO 

/  Iyv 


dxdy 


o  o 


//« 


dxdy 


2 

so  that  b  =  —  [Y_l -z 
TT  E 


(39) 


The  corresponding  expression  for  applying  to  the  outer  orifice  pair  is 


Note  that  the  moment  arms  are  evaluated  by  an  integration  from  0  to  «  rather  than 
from  -«  to  +•.  To  evaluate  the  a2  and  C 4  2  coefficients  applicable  to  the  inner 
single  orifice  of  the  triplet,  the  following  expressions  were  solved  simultaneously: 


// 


x  w  dxdy 
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w  dxdy 


(40) 


and 


CO  00 


-CO 


The  new  correlations  for  the  triplet  are  shown  in  Fig.  15  through  19  . 
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Figure  16  Variation  of  Outer  Orifice  Spray  Coefficient  b  With 
Momentum  Ratio  * 
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MOMEHTUM  RATIO 

Figure  17  Variation  of  Inner  Orifice  Spray  Coefficient  a~  With  Momentum  Ratio 


profiles  did  not  resemble  the  experimental  distributions  even  when  the  calculated 
and  experimental  mass  moment  arms  were  equal.  The  correlation  procedure  was 
therefore  modified  for  use  of  separate  correlations  on  each  side  of  the  like- 
doublet  -pair  center,  x  =  o,  as  given  by  Eq.7a  and  7b  in  the  model  for  thrust  cham¬ 
ber  compatibility  and  performance  analysis  section.  On  this  basis,  the  coefficients 
reduced  to  ^ ,  and  b.  These  coefficients  were  evaluated  by  tasans  of 

Eq.  34  and  36  . 

The  correlations  developed  for  the  like -doublet -pair  coefficients  are  shown  in 

fig,  21  through  Fig.  26  .  The  "a"  coefficients  are  presented  as  a  . .  and 

opposite 

asame  side  for  both  the  smaller  ^  the  larger  diameter  orifices.  For  orifice (s) 

1,  a+  is  equal  to  aoppcsite  and  a~  is  equal  to  side;  the  converse  is  true 

for  orifice (s)  2.  The  b  coefficients  shown  in  Fig.  25  and  26  are  differentiated 

only  according  to  larger  and  smaller  sites. 

An  extensive  evaluation  of  what  is  at  first  glance  an  almost  meaningless  scatter 
of  data  points  was  required  to  draw  the  correlation  curves  shown  in  Fig.  21 
through  26.  Where  data  points  deviated  markedly  from  the  correlation  line,  exam¬ 
ination  of  the  raw  cold-flow  data  usually  indicated  that  the  assumed  geometric 
center  for  the  like  doublet  pair  had  not  been  adequately  defined*.  The  correla¬ 
tion  was,  therefore,  drawn  on  the  basis  of  a  judgement  of  what  the  geometry  had 
actually  been  and  what  a  normal  trend  in  mass  distribution  should  have  been. 

It  is  notable  that  the  b  coefficient  of  the  larger  orifice  always  tended  to  be 

substantially  less  than  would  be  the  case  for  the  single  like  doublet  element 
(see  Fig.  14  ).  For  the  smaller  orifice,  this  was  only  true  for  fan  impingement 
angles  of  20  degrees  or  higher.  This  effect  is  probably  due  to  the  drops  from 
the  smaller  (inner)  orifice  doublet  splitting  the  fan  of  the  larger  (outer)  orifice 
doublet  in  much  the  same  fashion  as  the  smaller  orifice  of  the  unlike  doublet 
splits  the  jet  of  the  larger  orifice  at  the  practical  design  momentum  ratios.  At . 
larger  fan  impingement  angles,  the  secondary  droplet  collisions  in  the  intersect¬ 
ing  fans  spread  the  y- direct ion  dimensions  of  both  fans  (i.e.,  they  reduce  the 
b  coefficient) . 

•The  cold  flow  data  were  not  originally  intended  fox  use  in  the  LISP  program,  but 
rather  fox  calculation  of  Em.  As  a  consequence,  the  geometric  location  was  usually 
not  adequately  documented. 
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Figure  23  Variation  of  a  Coefficient  on  Same  Side  of  Center  With  Element 
Spacing  for  Fan  Impingement  Angles  of  0  and  20  Degrees 


Figure  24  Variation  of  a  Coefficient  on  Opposite  Side  of  Center  With  Element 
Spacing  for  Fan  Impingement  Angles  of  0  and  20  Degrees 
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b  COEFFICIENT 


HIPERTHIN  LIKE  DOUBLETS 


The  HIPERTHIN*  injector  concept  was  developed  by  the  Aerojet  General  Corporation 
(Ref.  12).  It  involves  use  o£  injectors  containing  thousands  of  very  small,  closely 
spaced  orifices  of  rectangular  cross  section.  The  orifices  may  be  oriented  to 
produce  either  impinging  or  showerhead  streams.  In  concept,  the  small  drops  and 
intimate  mixing  resulting  from  injection  through  these  orifices  should  produce  very 
high  combustion  efficiencies. 

The  objectives  of  the  analytical  and  experimental  studies  of  this  project  were  to 
measure  the  size  and  shape  of  the  spray  fans  produced  by  two  separate  HIPERTHIN 
elements  whose  configuration  was  specified  by  the  AFRPL  project  engineer  and  then 
determine  whether  the  spray  pattern  was  amenable  to  analysis  by  LISP  and  the  other 
computer  programs  of  the  Injector/ Chamber  Compatibility  Model.  As  described  in 
more  detail  in  the  Experimental  Program  section  of  this  report-  cold  flow  mass 
distribution  experiments  were  performed  with  two  HIPERTHIN  like  doublets,  each  con¬ 
sisting  of  two  orifices  of  rectangular  cross  section  with  an  impingement  angle  of 
60  degrees  along  a  plane  parallel  to  the  long  side  of  the  orifices  (edge -wise  im¬ 
pingement).  The  orifice  dimensions  of  the  two  elements  were  0.004  x  0.0185-inch 
and  0.008  x  0. 0185-inch,  respectively.  Over  most  of  the  injection  velocity  range 
employed  in  the  experiments  (34  to  72  ft/sec) ,  the  deionized  water  used  as  propel¬ 
lant  simulant  formed  a  fan  that  is  best  described  as  a  continuous  sheet  at  right 
angles  to  the  impinging  streams  of  the  element  rather  than  the  expected  droplet 
spray  fan.  Tnis  fan  began  to  disintegrate  at  a  distance  approximately  0.75-inch 
downstream  of  the  impingement  point.  Visually,  the  fan  breakup  appeared  to  be 
accomplished  more  nearly  by  the  liquid  drawing  up  into  two  diverging  jets  at  right 
angles  to  the  original  impinging  streams  than  by  the  formation  of  drops.  This 
observation  was  corroborated  by  the  distribution  of  the  collected  mass,  which 
suggests  that  the  overall  atomization  of  the  injected  liquid  is  not  as  effective 
as  would  be  expected  for  the  small  orifice  size. 

*HIPERTHIN  is  an  Aerojet  trademark 
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The  spray  correlations  for  the  HIPERTHIN  spray  flux  distribution  were  based  on 
the  shape  of  the  histograms  of  the  collected  mass  distribution,  examples  of  which 
are  shown  in  Fig.  27  .  The  distribution  of  the  mass  along  the  usual  x  axis  was 
definitely  non-Gaussian  and  resembled  more  closely  the  mass  flux  distributions  for 
the  inner  orifice  of  the  triplet  element  shown  in  Fig.  10  -  Therefore,  the  triplet 
version  of  the  general  LISP  equation  was  used,  i.e.. 


w 


The  coefficients  a  and  C4  were  evaluated  with  the  data  from  the  six  individual 
cold  flow  experiments  performed  by  employing  the  same  relations  that  were  used  with 
the  triplet,  i.e.  Eq.  40  and  41 .  However,  as  discussed  in  the  Experimental  Studies 
section,  the  spray  fan  of  the  HIPERTHIN  element  was  so  thin  in  the  y-direction 
(defined  by  Fig.  7  )  that  essentially  all  of  the  mass  was  collected  in  a  single 
row  of  the  cold- flow  collection  apparatus  (Fig. 54  ),  and  only  an  estimate  could 
be  made  of  the  minimum  value  of  coefficient  b  according  to  Eq.  39  .  The  spray 
coefficients  a,  b,  and  as  determined  by  this  analysis  are  presented  in  Table  4. 
These  coefficients  exhibit  unusual  character  in  that  they  appear  to  be  a  fairly 
strong  function  of  the  element  injection  velocity.  Such  a  dependence  was  not  ob¬ 
served  for  larger  diameter  circular  orifices.  It  appears  possible  from  the  data 
that  the  a  and  coefficients  may  approach  limiting  values  at  sufficiently  high 
injection  velocities  and  that  the  thin  sheet  fans  produced  by  the  lower  injection 
velocities  break  up  completely  at  high  injection  velocities  into  the  droplet  spray 
fans  usually  achieved  with  circular  orifice  elements. 


Examination  of  the  configuration  of  reported  prototype  HIPERTHIN  injectors  shows  that 
they  are  ordinarily  arranged  in  rectangular  arrays  such  that  the  planes  of  symmetry 
which  define  essentially  independent  chamber  slices  for  analysis  (see  the  first 
portion  of  the  Theoretical  Model  section  of  this  report)  occur  at  90  degrees  or. 

180  degrees.  The  hundreds  or  even  thousands  of  individual  elements  located  within 
such  a  segment  exceed  the  LISP  computer  program  limit  of  S.0,  elements  by  an  order 
of  magnitude.  Similarly,  the  fine  spray  which  should  presumably  occur  (if  the 
observations  discussed  previously  are  ignored)  should  produce  a  very  high  degree 
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Figure  27,  Mass  Distribution  Along  X-axis  of  Hyperthin  Like  Doublet  at  a  Collection  Distance 
of  1 ,0  Inch 


Table  4  Spray  Coefficients  for  Rectangular  Orifice  Hiperthin 
Like  Doublets  Based  Upon  Cold-Flow  Experiments 


Test 

Number 

Orifice 

Height, 

inch 

Orif i ce 
Width, 
inch 

Injection 

Velocity, 

ft/sec 

Coefficients 

a 

b 

C4 

i 

0.0 

LS5 

0.004 

34 

17.0 

500 

42 

2 

0.004 

46 

S.8 

500 

27 

5 

0.004 

60 

4.4 

500 

6.2 

ii 

o.oos 

44.0 

7.3 

300 

16 

12 

0.00S 

S3  -5 

4.0 

250 

4.5 

13 

i 

O.OOS 

72.0 

4.1 

250 

8.0 

of  vaporization  between  the  injector  and  the  LISP  calculation  plane.  As  a  conse¬ 
quence  the  HIPERTHIN’  injector  does  not  lend  itself  to  routine  calculations  by  the 
Injector/ Chamber  Compatibility  Model.  Therefore,  the  spray  coefficient  correla¬ 
tions  presented  in  Table  4  were  not  incorporated  into  the  subroutines  of  the 
LISP  program.  Calculations  can  still  be  performed  by  representing  individual 
HIPERTHIN  elements  or  groups  of  these  elements  as  Type  8  elements  with  spray  co¬ 
efficients  and  drop  sizes  supplied  as  special  data  by  the  designer. 

GAS/LIQUID  COAXIAL  ELEMENTS 

Analysis  o I  the  performance  of  injectors  which  use  gas /liquid  elements  has  been  aided 
significantly  by  the  use  of  cold  flow  mass  distribution  studies.  Recent  data  (Ref. 

15}  indicate  that  effective  correlation  exists  between  the  mixing  efficiency  and  drop 
sizes  measured  in  single  element  cold  flows  and  the  motor  firing  performance  of 
multi-element  injectors.  However,  if  single  element  gas/liquid  cold  flow  data  are 
used  to  define  the  spatial  distribution  of  the  gas  and  liquid  flow  field  near  the 
injector  rather  than  the  mixing  distribution  ,  and  this  spatial  distribution  is 
used  in  a  combustion  calculation,  a  number  of  complications  are  introduced: 

1.  The  single  element  cold  flow  data  are  Limited. 

2.  Although  Eq.  1  must  apply  (from  continuity),  the  weight  flux  of  a 
continuous  medium  such  as  a  gas  from  a  given  element  to  a  given  location 
(r,  S,  z)  is  not  as  independent  of  the  flow  from  neighboring  elements  as 
is  the  case  with  liquid/liquid  injection. 

3.  More  liquid  evaporation  occurs  close  to  the  injector  than  with  liquid/liquid 
injection  producing  additional  gas  generation. 
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4.  In  many  of  the  propellant  combinations  employed  in  ga3 /liquid,  injectors, 
the  chamber  pressure  is  near  or  above  the  critical  pressure  of  the  liquid 
propellant,  i.e.,  the  k  evaporation  model  employed  in  the  3D-C0MBUST  and 
STRMT3  calculations  is  not  as  applicable  as  with  storable  propellants  and 
lower  chamber  pressure. 

Because  of  the  above  complications,  the  incorporation  of  gas/liquid  elements  into 
the  IIS?  computer  program  was  undertaken  on  an  exploratory  basis.  Analytical 
studies  were  limited  to  the  gas/liquid  coaxial  element  for  which  both  promising 
co Id- flow  experimental  data  and  a  useful  near-injector  combustion  analysis  were 
available.  In  addition,  it  was  assumed  that  the  analysis  would  be  confined  to 
chamber  pressures  below  the  critical  pressure  of  the  liquid  propellant  so  that 
the  x'  evaporation  model  is  at  least  reasonable.  The  first  analytical  approach 
tried,  which  was  unsuccessful,  was  to  assume  that  the  single-element  mass-flux  dis¬ 
tribution  under  combustion  conditions  could  be  defined  in  terms  of  the  cold-flow 
distribution  with  a  correction  for  the  near  injector  evaporation  process  made  in 
essentially  the  same  fashion  as  the  liquid/liquid  injection  spray  patterns  are 
calculated.  The  evaporated  liquid  propellant  would  be  assumed  to  be  either  dis¬ 
tributed  uniformly  across  the  chamber  cross  section  or  to  follow  its  cold-flow 
injection  path;  choice  between  these  over-simplified  distributions  was  to  be  based' 
upon  the  results  of  initial  calculations.  Evaporated  liquid  propellant  would  be 
assumed  to  be  mixed  with  and  in  chemical  equilibrium  with  the  gas  phase  at  the 
local  mixture  ratio.  Finally,  local  gas  velocities  would  be  calculated  from  the 
the  local  gas  mass  fluxes  and  the  local  density  based  upon  chamber  pressure  and 
local  mixture  ratio. 

With  this  approach,  the  primary’  analytical  effort  required  whs  the  correlation  of 
gas/ Liquid  cold- flow  mass  flux  profiles  as  described  in  the  following  paragraphs. 
However,  when  the  resultant  version  of  LISP  was  employed  to  analyse  an  AFRPL  model 
motor  firing,  made  with  a  multi -element  coaxial  injector  and  GH^/LC^  propellants, 
a  serious  complication  arose  because  of  the  high  degree  of  liquid  propellant  evap¬ 
oration  within  the  first  inch  downstream  of  the  injector.  A  modification  in  the 
model  for  the  gas  flow  was  then  incorporated  into  the  LISP  program  which  is  de¬ 
scribed  in  the  paragraphs  following  the  cold-flow  derivations. 
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Correlation  of  Cold-Flow  Distributions 


The  single-element  cold-flow  data  employed  to  develop  the  required  correlations 
for  gas/ liquid  coaxial  elements  were  obtained  by  R.  J.  Burick  of  Rocketdyne  as 
part  of  the  technical  effort  under  NASA  contract  NASA5-11199  (Ref.  133  -  Burick's 
experiments  were  done  with  water  and  gaseous  nitrogen  as  the  propellant  simulants 
and  measurements  were  made  of  gas  and  liquid  mass  fluxes  at  11  radial  and  4  circum¬ 
ferential  stations  around  the  element  centerline  in  a  collection  plane  5.0-inches 
downstream  of  the  injector  face.  Experiments  were  made  both  with  and  without  post 
recess.  For  the  correlation, because  of  the  assumed  radial  symmetry  of  the  ideal 
coaxial  element,  the  measured  circumferential  distributions  of  both  propellants 
were  averaged  to  give  distributions  which  were  functions  of  only  the  radial  coordinate. 

The  system  analyzed  is  shown  schematically  in  Fig.  28  .  Because  of  the  radial 
symmetry,  the  usual  Cartesien  coordinate  was  replaced  by  a  cylindrical  (r,z)  co¬ 
ordinate  system  (Fig.  28].  The  center  of  the  post  exit  of  the  element  was  chosen 
as  the  origin  of  this  coordinate  system.  The  subscript  i  is  assigned  to  the 
annular  orifice  while  subscript  2  is  assigned  to  the  post  orifice.  The  gaseous 
propellant  must  flow  from  orifice  1.  The  liquid  and  gas  flows  axe  assumed  to  be 
emitted  from  point  sources  located  at  an  axial  location  of  z  equal  to  -5^  and 
respectively.  Although  this  represents  an  approximation  of  the  real  physical 
situation,  visual  observations  of  single  coaxial  element  flows  indicates  that  at 
least  the  liquid  spray  trajectories  are  qualitatively  described  by  this  model. 

Typical  profiles  of  the  gas  and  spray  mass  flux  (Ibm/in.  sec)  measured  by  Burick 
at  a  collection  distance  of  5.0-inches  downstream  of  a  coaxial  element  are  shown  in 
Fig. 29a  and  29b.  The  correlation  scheme  was  developed  not  only  to  fit  these 
Gaussian  distributions  at  relatively  long  distances  from  the  injector,  but  also 
to  provide  a  reasonable  fit  in  the  region  close  to  the  post  exit  plane  where  the 
mass  flux  profiles  must  approach  the  limiting  case  shown  in  Fig.  29c  . 
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Figure  28  Schematic  Representation  of  Coaxial  Element  Geometry 

Because  of  the  radial  symmetry  of  the  coaxial  element,  the  general  LISP  spray 
correlation  given  by  Eq.  2  may  be  simplified  to 
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Figure  29  Typical  Mass  Flux  Profiles  for  Gas/Liquid  Coaxial  IUements  as  Measured 
by  R,  J.  Burick  (Run  6,  Program  NAS3-11199) 


The  coefficient  is  retained  in  the  expression  to  permit  representation  of  a 
maximum  mass  flux  at  radial  locations  other  than  r^  =  0  in  the  case  of  the  gaseous 
propellant  and  to  permit  a  flattening  of  the  mass  flux  profile  near  r£  =  0  for  the 
liquid  propellant.  However,  because  the  mass  flux  at  the  downstream  collection 

r 

plane,  zc,  decreases  monotonically  with  radial  coordinate,  Xg ,  coefficient  C4  must 
be  limited  by 

c’  <  a 


r 

From  Eq.42  and  this  intended  purpose  for  C^,  the  final  form  of  the  coaxial  ele¬ 
ment  LISP  correlation  was  chosen  as 


r  %  W001  f,  /  r\2l  -a9(r/z *,)2 

•="■-'7  r  ■>(?)]• 

where,  with  z  measured  relative  to  the  post  exit. 


*2  ■  2  *  6L 


:1  ■  2  *  °G 


(  43) 


(44) 


Note  from  Eq.  43  that  the  definition  of  the  C.  coefficient  fox  the  gaseous  flow 

T  ^  T 

from  orifice  1  is  a  function  of  the  ratio  zc/z2  Cthe  ratio  of  the  distances  between 
the  pseudo  impingement  point  and  the  cold-flow  collection  plane  and  the  LISP  cal¬ 
culation  plane,  respectively).  This  definition  is  made  in  place  of  a  constant 
C4  (including  C4  =  0)  as  is  the  case  with  other  element  types. 
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Calculation  of  the  spray  coefficients  ^  and  a2  and  the  source  points  &L  and  <$G 
was  again  done  by  equating  the  experimentally  determined  mass  flux  moments  to  the 
equivalent  integral  of  Eq.36a  and  36b,  e.g., 

=0  OQ 


/  2inr2w(r,; 


,zjj  dr 
o  E 


h 


2irr  w(r,z  )  j  dr 
o  c  E 


J 2i:tZm  ,z)  j  dr 
o  _ A_ 

CO 

/  2mrw(r,z) |  dr 


(45) 


The  radial  mass  flux  moment  arm,  R 


is  given  by 


c 


(46) 


Distance  $L  is  evaluated  by  noting  from  Fig.  28  and29  ar.d  the  definition  of  R  that 


R 

z=o 


_1 

2 


D 


L 


Combining  Eq.  45  and  47  gives 
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(48) 


Equation  48  is  solved  for  6^  after  which  a2  is  evaluated  from  Eq.  46  .  A  similar 
procedure  is  employed  for  determination  of  6,,  and  a,. 

The  mass  distribution  data,  correlated  in  this  manner,  were  obtained  from  the  nine 
cold-flow  runs  listed  in  Table  5  .  These  tests  were  made  with  a  single  exit  liquid 

orifice  diameter  (0.136  inch)  and,  essentially,  a  single  liquid  injection  velocity 
together  with  a  limited  combination  of  gas  injection  velocities  and  gas  annular 
slot  widths.  Results  of  the  correlation  are  shown  in  Table  6, 
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Table  5  Summary  of  Single -Element  Cold-Flow  Data  for  Gas/ 
Liquid  Coaxial  Elements* 


Run 

.Vo. 

V** 

inch 

•  Dp, 
inch 

°G> 

inch 

V 

Ibm/sec 

VL' 

ft  /sec 

V 

lbm/sec 

VG ' 

ft/sec 

6 

0.1 

36 

0.1 

46 

0.182 

0.174 

27.6 

0.0333 

350 

12 

0.228 

0.174 

27.6 

G.0333 

135 

13 

0.156 

0.174 

27.6 

0.0333 

630 

7 

0.1 

82 

0 .154 

24.5 

0.0529 

555 

22 

0.183 

29.6 

0.0244 

256 

20 

0.154 

24.5 

0.0522 

546 

14 

0.174 

27.6 

0.033S 

350 

21 

0.183 

29.6 

0.0244 

256 

Symbol3  are  defined  in  Fig.  28  and  Nomenclature  section 
Liquid  diameter  is  defined  at  the  exit  to  liquid  post  for 
both  uniform  diameters  and  shallow  chamfers. 


Table  6  Summary  of  Correlated  Mass  Flow  Parameters  for 
Gas/Liquid  Coaxial  Elements* 


Run 

No. 

R  * 

1  ’ 

inch 

V 

inch 

31 

a2 

SL 

5g 

6 

0.424 

0.494 

409 

428 

0.60 

1.56 

12 

0.473 

0.713 

329 

182 

0.53 

1.18 

13 

0.419 

0.423 

418 

609 

0.61 

1.73 

7 

0.395 

0.434 

470 

596 

0.64 

1.83 

22 

0.448 

0.533 

368 

351 

0.57 

1.43 

20 

0.507 

0.484 

302 

467 

0.50 

1.65 

14 

0.574 

0.585 

235 

291 

0.44 

1.30 

21 

0.525 

0.628 

282 

24S 

0.48 

1.20 

•Subscript  2  refers  to  liquid  stream  and  subscript 
1  to  gas  stream 
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Effective  incorporation  of  these  results  into  the  LISP  program  requires  that  the 
calculated  values  of  a  and  5  be  related  to  design  parameters,  such  as  orifice 
diameter,  injection  velocities,  etc.  Because  a  and  d  are  obtained  by  arbitrary 
definitions (Eq.  42)  from  the  experimentally  determined  R,  the'  mass  moment  arm 
was  correlated  with  the  design  parameters  rather  than  the  derived  terras.  When 
coefficient  R- was  plotted  versus  gas  velocity,  gas/liquid  velocity  difference,  gas 
momentum  and  gas/liquid  momentum  ratio,  a  fair  correlation  of  R  with  each  of  these 
parameters  was  obtained,  but  none  was  clearly  superior.  Momentum  ratio  was  selected 
as  the  correlation  parameter  primarily  to  maintain  consistency  with  the  procedures 
employed  for  other  element  types.  The  best  correlation  was  obtained  by  plotting 

the  parameters  RLj2/(\j0Z) 3  5LRL,0,  *G.Z/ClfG,0Z) *  6G  *G,0  against  m°me*tum 
ratio;  these  are  shown  in  Fig.  30  and  31  .  The  correlations  presented  in  these 
graphs  permit  the  required  spray  parameters  a  and  6 (and  then  C^)  to  be  determined 
from  the  propellant  mass  flux  moment  arm  at  the  coaxial  element  exit  by  means  of 
Eq.  46  or  the  equivalent  gaseous  relation.  Calculation  of  the  spray  coefficients 
for  the  LISP  computer  program  is  then  possible  directly  from  the  coaxial  element 
geometry  and  the  injected  mixture  ratio - 

An  example  of  the  mass  profiles  thus  calculated  for  both  liquid  and  gas  with  the 
above  correlations  is  compared  with  Burick's  experimental  data  in  Fig.  32  and  33 - 
The  agreement  appears  satisfactory  at  the  5-inch  collection  plane.  No  data  were 
available  to  check  the  prediction  scheme  in  the  region  1  to  2  inches  downstream 
of  the  injector  where  the  combustion  chamber  design  application  must  be  made. 


The  liquid  velocity  is  obtained  by  utilizing  the  assumption  that 
ity  vector  corresponds  to  conservation  of  the  injection  velocity 


u  (r,z.)  = 


v/r’~2  2 

Z.  +  r 


the  overall  veloc- 
such  that 


ur  (r.zp 
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however,  the  gas  phase  is  a  continuum,  therefore 


t^Cr,^)  =  Sl(r,=2)  u,(r,=2) 

U^(r-Z2)  = 


In  a  combustion  chamber,  as  in  cold-flow  experiments,  the  injected  gas  mixes  with 
surrounding  gas,  and  p(r,c2)  is  dependent  upon  the  local  mole  fraction  of  the 
injectant  gas  which  is  presently  impossible  to  predict  at  any  distance  from  the 
injector.  Close  to  the  injector,  however,  it  was  initially  assumed  that  the  in¬ 
jected  gas  and  the  vaporised  liquid  propellant  followed  their  original  trajectories, 
On  this  basis  the  gas  velocity  is 


)  = 


w1(r,2  )  +  w,  (r,z ') 


0 (r,z  ,c) 


where  w,  is  the  mass  flux  of  the  evaporated  liquid  if  it  follows  its  liquid- 
phase  troflctory  and  c  is  the  local  gas  mixture  ratio  defined  by 


S  (t,z  ) 


cCr,n  )  = 


“iCr>3  ] 


Initial  Vaporization  for  Coaxial  Elements 


A  correlation  for  the  vaporization  of  the  liquid  propellant  from  orifice  2, between 
the  post  exit  and  the  collection  plane  zc  at  which  the  LISP  computer  program  cal¬ 
culations  are  to  be  made,  was  developed  by  assuming  that  liquid  evaporation  is  con¬ 
trolled  by  the  stripping  rate  of  spray  from  the  liquid  jet.  The  stripping  rate 
(lbm/in.“  sec)  was  assumed  to  be  proportional  to  the  jet  surface  area  and  the 
velocity  difference  between  the  gas  and  liquid  streams,  but  independent  o£  distance 


77 


from  the  injector.  Separate  rates  were  assumed  to  apply  in  the  recessed  cup  and 
the  external  chamber.  Different  relations  are  also  needed  for  low  Mach  number 
(cup  burning)  and  high  Mach  number  (nonbuming)  injection.  Consequently  the 
following  relation  was  assumecf 


Kpl  cvrv2)£ 

P3,  =  [Percent  Vap]7  =  — r-y-y — “ — 

H2  2  2 

The  coefficient  K  was  evaluated  from  the  calculations  of  the  CSS  computer  program 
of  Sutton  and  Schuman  (Ref. 14  )  for  the  GH7/L07  propellant  combination  at  a  cham¬ 
ber  pressure  of  500  psia  under  conditions  of  r.o  cup  burning.  The  results  led  to 

P1  ^  2^  -r 

PB2  =  [Percent  Vap],  =  p  V?D  ~  '  1280  Azcup  +  39  (Vizcup)3  -50) 

This  expression  was  incorporated  into  the  LISP  program.  Its  general  effectiveness 
in  the  prediction  of  the  initial  vaporization  of  other  propellant  combinations  or 
for  GH^/L0o  under  cup  burning  conditions  has  not  been  evaluated. 

Gaseous  Mass  Flux  Distribution  With  Combustion 


As  discussed  above,  the  experimental  cold-flow  distributions  for  the  gas /liquid  co¬ 
axial  element  could  be  well  correlated  with  the  general  LISP  formulation.  This 
suggests  that  mixing- limited  c*  combustion  efficiencies  can  probably  be  calculated 
as  effectively  for  gas/liquid  elements  from  cold-flow  correlations  as  can  be  done 
with  liquid/liquid  injection-  However,  for  heat  transfer  calculations  with  the 
Injector/Chamber  Compatibility  Model,  use  of  the  cold-flow  distribution  of  gas  was 
found  to  be  impractical.  The  difficulty  arises  primarily  because  of  the  high  de¬ 
gree  of  liquid  vaporization  which  occurs  close  to  the  injector;  during  the  demon¬ 
stration  analysis  made  of  the  AFRPL  coaxial  element  injector  discussed  later  in 
this  report,  vaporization  of  54  percent  of  the  injected  oxygen  was  calculated  in 
the  first  inch  downstream  from  the  post  exit.  Because  the  cold-flow  model  con¬ 
strained  the  hot  gas  generated  from  the  mixing  of  the  oxygen  vapors  and  injected 
hydrogen  to  the  cold-flow  jet,  and  because  of  the  continuity  requirements  imposed 
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by  Eq.  49,  the  calculated  gas  velocities  in  the  jets  were  supersonic,  certainly 
a  physically  unacceptable  prediction  for  a  flow  field  assumed  to  have  negligible 
transverse  pressure  gradients. 


Consequently,  for  calculation  of  the  combustion  gas  flow  field,  the  calculation 
of  the  mass  flux  distribution  was  modified  by  the  foilwing  assumptions : 


The  gaseous  propellant  and  the  vapors  from  the  evaporated  liquid  propel¬ 
lant  from  a  single  element  are  assumed  to  mix  intimately  and  react  to  chem¬ 
ical  equilibrium  at  the  local  resultant  mixture  ratio  with  correspond¬ 
ing  gas  molecular  weight  and  temperature. 


2.  Momentum  of  the  jet  is  assumed  to  be  conserved,  i.e.,  the  jet  expands 
with  combustion  such  that  the  momentum  of  the  resultant  hot  gas  and  of 
the  unevaporated  liquid  axe  equal  to  the  initial  momentum  of  the  injected 
propellants. 

5.  The  distribution  of  the  unevaporated  liquid  is  assumed  to  be  described 
by  the  corresponding  cold- flow  mass  flux  distribution. 


4. 


The  mass  flux  distribution  of  the  hot  combustion  gas  from  a  single  ele¬ 
ment  is  assumed  to  be  described  by 


wCr.z)  = 


'001 


1  r 


(51) 


where  w and  are  defined  by  mass  continuity  and  the  momentum  con¬ 
tinuity  of  assumption  2  above. 


'.\;ith  these  assumptions,  the  momentum  of  the  hot-gas  jet.  Mg,  is  given  by 


or 


=  f wvdA  =  f 
^  6  PHG 
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The  total  mass  of  the  hot  gas  jet,  5,  is 


therefore,  the  specific  momentum  of  the  hot  gas  is: 


M 

S 


E_ 

E 


W001 

■> 

2ps“ 


The  sum  of  the  hot-gas  jet  momentum  and  the  unevaporated  liquid  momentum  must 
equal  the  initial  momentum  of  the  jet,  i.e.. 


U001  me  pe2 

=  =  Vi  *  W1  -  mgs 


Mass  continuity  requires  that 


(52) 


001  c  _  -  *  - 

•  ~  SE  S1  S2  *  loo'  <53) 

al 

Equations  52  and  53  are  solved  simultaneously  for  a^  and  w  and  the  resultant 
values  used  in  Eq.  51  in  place  of  the  cold  flow  values. 

The  analytical  model  described  in  the  paragraphs  above  describes  the  combustion 
gas  flow  field  for  a  single  coaxial  element  in  a  fashion  that  conserves  both 
mass  and  momentum  within  a  single  element.  In  a  multi- element  injector,  however, 
momentum  will  be  conserved  only  if  the  gas  velocity  profiles  do  not  significantly 
overlap.  If  the  profiles  for  adjacent  elements  do  appreciably  overlap,  then  the 
linear  addition  of  mass  contributions  from  each  element  according  to  Eq.  1  is 
not  a  physically  sound  assumption.  Because  of  this  complication,  the  LISP 
calculation  of  gas/liquid  mass  flux  profiles  has  also  been  set  up  to  make  the 
alternate  calculation  of  a  uniform  gas  velocity  and  mixture  ratio  across  the  entire 
chamber  slice.  This  velocity  is  defined  such  that 
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(54) 
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If  inspection  of  the  LISP  calculated  gas  velocity  distribution  defined  by  adding 
single  element  contributions  indicates  that  impossible  local  velocities  are 
defined*,  then  the  definition  of  a  uniform  gas  velocity  is  to  be  utilized  in 
the  succeeding  calculations  with.  3D-C0HBUST  or  STBMTB.  It  must  be  noted,  how¬ 
ever,  that  the  uniform  gas  velocity  definition  will  ordinarily  result  in  the 
conservation  of  both  mass  and  momentum  for  only  a  single  value  of  initial 
vaporization. 


As  discussed  later  in  the  Program  Demonstration  portion  of  this  report,  a  uniform 
combustion  gas  velocity  was  defined  in  the  analysis  of  an  AFRPL  multi- element 
gas/ liquid  coaxial  injector.  Problems  encountered  in  the  overall  analysis  of  that 
injector  indicate  that  the  simplification  involved  in  the  definition  of  a  uniform 
axial  gas  velocity  will  not  be  an  important  consideration  until  required  modifi¬ 
cations  to  Che  3D-C0MBUST  computer  program  are  made. 


*  An  extreme  example  of  an  impossible  calculated  velocity  distribution  is  the 
case  where  the  velocities  at  (r,  0)  locations  between  the  (r,  9)  coordinates 
of  the  elements  are  greater  than  Wq01» 
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DROP  SIZE  DEFINITIONS 


The  LISP  predictions  of  mean  droplet  diameter  have  "been  changed  from  the  values 
presented  in  Ref.  1  to  include  both  corrections  of  initial  hydraulically  pro¬ 
duced  D2Q  as  defined  in  hot  wax  atomization  experiments  and  (in  the  case  of  like 
doublets  and  like  doublet  pairs)  of  the  D  resulting  from  a  more  detailed  de¬ 
finition  of  secondary  atomization.  Revised  definitions  of  a  hot  wax  mean  drop 
diameter,  D^,  were  provided  by  Dickerson  (private  communication)  whose  data 
(Ref.  4  )  provided  the  original  definitions  of  in  Ref,  l.  Modifications 

to  the  calculation  of  D  for  like  doublets  were  developed  by  Combs  as  part  of  the 
DER  (Distributed  Energy  Release)  Analysis  (Ref.  6  ).  The  present  correlations 

of  D„t  in  LISP  are: 

HW 


Unlike  Doublet  (Larger  Diameter  Orifice) 
D  .38 


dhw  *  U27  “d® 


1.19  .86 

Dtopp  UD 


Unlike  Doublet  (Smaller  Diameter  Orifice) 


°HW  =  2*29 


d.27d  .023 

_ 222 _ 

...74  .33 

S'  aD,opp 
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For  the  unlike  doublet,  triplet,  and  4-on-l  elements,  no  ohanges  have  been  made 

in  the  eoeffieienc  JA  and  B  which  appear  in  Eq.  10.  The  currently-used  values 
are  therefore: 


“  0*8,  B  =  250  (unlike  doublet) 

JA  =  0,03 ’  B  =  31,0  (triplet,  4-on-l) 


For  like  doublets  and  like- doublet- pairs,  the  correlation  developed  by  Combs  for 
the  combined  effects  of  hydraulic  and  secondary  breakup  is 


•where 


D=1-524  [2-sh/r 

+  / L.°75  \ / 

FC  -  1\ 

1  480  n 

ec  +  3  / 

(55e) 

£c  is  the  contraction 

ratio  which 

defines 

the  gas  velocity 

CpR  is  a  property  correction  parameter  Ref.  (15,  5)  equal  to 


No  attempt  has  been  made  to  incorporate  a  re contended  drop  size  for  gas /liquid 
coaxial  elements.  As  discussed  elsewhere  in  this  report  (see  Case  4  in  the 
Program  Demonstration  section  of  this  report),  an  appreciable  amount  of  work 
remains  to  be  done  before  a  satisfactory  model  for  the  local  gas/liquid 
combustion  process  is  available  to  replace  the  k'  droplet  evaporation  modeL  which 
has  been  carried  over  from  the  liquid/liquid  combustion  analyses.  Any  recommend¬ 
ations  for  drop  size  are  therefore  premature. 


INITIAL  VAPORIZATION  DEFINITIONS 


A  "combustion- reduced"  mass  flux  of  spray  is  calculated  in  LISP  on  the  basis  of 
a  simplified  k'  evaporation  model.  The  model  is  based  upon  the  heat  balance 
around  a  single  drop  in  a  hot  gas  which  is  given  by 
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iHv  ps  “b  ^  U-°b)  -  «2D(^)!i“  <Te  -  W 

z  dz  6  D  ° 


(56) 


Re-arranging  and  integrating  Eq.  56  results  in  Eq.  LI  if  the  definition  is  made 

(57) 


"'KP 


4  Nu  k  fT  -  T _ 1 

-  *•  g  SAT 


Pi  AH 


A  consistent  calculation  of  the  expected  degree  of  vaporization  of  the  liquid 
spray  between  the  injector  and  a  desired  LISP  collection  plane  is  therefore 
possible  by  use  of  Eq.  11  together  with  the  combustion  gas  properties  of  the 
propellant  combination  and  the  liquid  propellant  injection  conditions.  Although 
the  above  calculation  can  be  made  in  a  consistent  manner,  the  resultant 
prediction  of  initial  vaporization  is  expected  to  be  considerably  in  error 
because  the  conveniently  assumed  definitions  for  most  of  the  terms  in  Eq.56  and 
11  (D  for  D  ,  the  Nusselt  number  applicable  to  an  isolated  drop  for  Nu,  a  bulk 
mixture  ratio  definition  of  gas  temperature  for  1  ,  etc.),  can  be  applied 

s 

reasonably  accurately  only  at  distances  more  than  1-2  inches  downstream  of  the 
injector  element  impingement  points.  However,  it  is  reasonable  to  assume  that 
actual  experimentally  determined  spray  vaporization  close  to  the  injector  for 
conventional  doublet  and  triplet  type  elements  should  at  least  scale  with  in¬ 
jection  parameters  and  propellant  properties  according  to  Eq.  11.  In  this  case, 
Eq.  57  becomes 


Nu  k  (X 


"KP 


8 


X  ) 

sax' 


where  the  accomodation  coefficient  4*  should  be  approximately  a  constant  for  a 
given  injector  element  type  and  chamber  contraction  ratio. 

Xo  obtain  a  definition  of  the  accommodation  coefficient  ,  an  analysis  was  made 
of  the  pressure  profiles  obtained  during  the  motor  firings  made  with  the  8- 
element  unlike  doublet  injector  ICC  2A  and  the  12-element  triplet  injector 
ICC6.  Because  of  uncertainties  in  the  measurement  of  both  chamber  pressure 
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and  propellant  flow  rate  with  the  triplet  element ,  only  the  results  obtained  with 
ICC2A  proved  useful  for  the  definition  of  initial  vaporization.  The  procedure 
employed  for  the  analysis  consisted  of  the  following  steps: 

(1)  The  overall  c*  combustion  efficiency  was  assumed  to  be  defined  by 

r)  *  =  n  -q  . 

'c  vap  mix 

Based  upon,  the  results  of  four  cold  flow  spray  sampling  experiments 

with  ICC2A  over  a  range  of  mixture  ratios  from  1.3L6  to  1.83  which  gave 

values  of  q  ranging  from  .928  to  .952,  a  value  of  .95  for  n 

mix.  mix 

was  assigned  to  ICC2A  for  mixture  ratios  between  1.3  and  1.7  which 
covered  the  motor  firings  analyzed. 

(2)  From  the  measured  overall  ^  *  efficiencies  and  the  definition  of 

c 

q  .  »  q  was  calculated  and  defined  to  be  the  actual  fraction  of 
1  mix  1  vap 

the  propellants  vaporized  at  the  throat.  In  the  subsequent  discussion, 

this  definition  of  T  is  extended  to  mean  the  fraction  of 
vap 

propellant  flow  vaporized  at  any  given  distance  from  the  injector. 

(3)  To  utilize  the  axial  pressure  profile  through  the  combustion  chamber 

to  define  the  axial  variation  of  n  ,  it  was  necessary  to  establish 

vap 

a  baseline  definition  of  the  variation  of  q  between  the  nozzle 

vap 

throat  (or  start  of  nozzle  convergence  where  applicable)  and  the 
axial  station  of  the  most  downstream  of  the  chamber  pressure  measure¬ 
ments  which  was  at  6.15-inch  from  the  injector  (see  Table  9  ).  To 

accomplish  this,  performance  data  obtained  with  ICC 2  during  the  previous 
Injector/ Chamber  Compatibility  Project  (Ref.  1,  Table  9)  were  analyzed. 
Data  obtained  at  chamber  lengths  Of  5.0-,  8.0-,  and  13,0- inch  were 
cross  plotted  against  chamber  length  to  give  the  approximate  variation 
of  with  chamber  length  assumed  to  be  applicable  for  distances 

vap 

greater  than  6.0- inch  downstream  from  the  injector.  Based  upon  the 
cross  plotted  data,  a  change  of  only  3.1  percent  in  propellant  vapori¬ 
zation  was  expected  between  the  chamber  pressure  measurement  at  6.15- 
inch  and  the  nozzle  throat  at  test  conditions. 
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(4) 


With  a  baseline  value  of  ^  established  at  a  distance  of  6.15-inch 
from  the  injector,  vaporization  at  distances  closer  to  the  injector 
was  calculated  from  the  functional  relationship  between  specific  area 
and  pressure  for  a  compressible  fluid  (Ref.  16  ). 


y+  1 
Y-  1 


(58) 


where  the  specific  area  A  is  the  cross  sectional  area  per  unit  mass  of 
combustion  gas.  As  combustion  proceeds  with  distance  from  the  injector 
in  a  thrust  chamber,  the  specific  area  decreases  even  though  the  geo¬ 
metric  area  may  remain  constant. 


To  Utilize  Eq.  58  ,  the  assumption  is  made  that  the  specific  area  is  related  to 
the  actual  chamber  cross  sectional  area  by 


A(z)  _  1 

Ac  “  "Vap 


‘van 


(z> 


n  (6.15) 
‘vap 


A  (6.15) 
^(z) 


Area  A  is  obtained  from  Eq.  58  ,  the  measured  local  chamber  pressure,  and  the 
value  of  n  at  5.15-inch(as  obtained  from  the  c*  efficiency  together  with  the 
3.1  percent  correction  factor  obtained  from  step  (3)  above). 


Use  of  pressure  profiles  to  define  the  axial  variation  of  Uvap  is  facilitated 
by  a  low  contraction  ratio  which  produces  a  reasonable  Mach  number  (greater  than 
.3)  and  consequently  measurable  pressure  differences  between  stations.  As  a 
consequence,  although  injector  TCC2A  was  fired  at  contraction  ratios  of  1.04, 
2.15,  and  4.3,  the  useful  data  were  obtained  at  the  lowest  contraction  ratio. 

In  addition,  although  chaniber  pressure  measurements  were  obtained  at  a  distance 
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of  1.0-inch  from  the  injector,  the  pressure  field  at  this  point  may  be  strongly 
affected  by  a  combination  of  3-dimensional  effects,  spray  drag,  and  Rayleigh  heat¬ 
ing  phenomena;  therefore,  no  significance  was  attached  to  measurements  in  this 
region. 


Analytical  results  are  presented  in  Fig.  34.  At  a  distance  of  1.4-inch  from  the 
injector  (1.0-inch  downstream  of  the  element  impingement  points),  Tiy  was  esti¬ 
mated  to  be  .20  by  extrapolation  of  the  measurement  at  2.0-inch  to  zero  vaporization 
at  the  impingement  point  for  the  conditions  of  the  low  contraction  ratio  experiments. 
At  a  contraction  ratio  of  2.15,  the  data  are  extrapolated  to  predict  an  riv  of  .15 
at  the  same  location.  Because  secondary  droplet  breakup  should  be  more  intense 
at  the  lower  contraction  ratio,  the  trend  in  initial  vaporization  is  in  agreement 
with  droplet  combustion  theory;  however  the  reliability  of  the  higher  contraction 
is  low  because  of  the  above  mentioned  difficulties  in  accurately  measuring  the 
smaller  pressure  differences.  As  a  consequence,  only  the  low  contraction  ratio 
curve  for  nvap  was  applied  to  calculating  the  accommodation  coefficient  ¥.  Based 
upon  the  limited  data  presented  in  Fig.  34  and  use  of  Eq.  11  and  9,  coefficient 
¥  has  been  assigned  a  value  of  0.102  in  LISP.  Although  the  value  of  this  coeffi¬ 
cient  is  strictly  speaking  applicable  only  to  unlike  doublets  and  very’  low  con¬ 
traction  ratios,  it  must  be  assumed  to  be  a  constant  for  all  injection  conditions 
until  more  data  become  available. 


INITIAL  PERFORMANCE  PREDICTIONS 


Additional  features  vrtiich  have  been  added  to  the  original  LISP  program  include 
an  estimation  of  the  mixing  limited  chamber  pressure  efficiency  together 

with  a  specification  of  the  gas  phase  parameters  in  the  LISP  collection  plane 
which  are  subsequently  required  by  the  3D-C0MBUST  program.  The  calculation  of 
p  .  is  based  upon  the  method  developed  by  Nrobel  (Ref.  17) 


n 


mix 


c  bulk 


c. 

J 
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with  the  summation  being  made  over  all  the  raesh  points  j  in  the  LISP  collection 
plane.  This  preliminary  calculation  assumes  thac  mixing  is  completed  at  the 
LISP  collection  plane  and  that  propellant  vaporization  will  be  completed  up¬ 
stream  of  the  throat;  therefore,  it  is  subject  to  revision  by  the  subsequent 

calculations  of  the  3D-20MBUST  and  STRMTB  combustion  programs.  With  rj  . 

mix 

defined,  the  chamber  pressure  is  then  estimated  on  the  basis  of 


P 

c 


* 

Cbulk 


c 


(59) 


Gas  phase  parameters,  calculated  on  the  basis  of  the  mean  mixture  ratio  of  the 
propellants  vaporized  upstream  of  the  LISP  collection  plane  (see  the  preceding 
paragraphs  above)  and  the  chamber  pres sure, include  the  gas  temperature,  gas 
density,  and  mean  gas  velocity. 

RESOE  OF  CURRENT  LISP  PROGRAM 


The  present  version  of  the  LISP  computer  program  consists  of  a  main  or  calling 
program  and  a  family  of  subroutines  coded  into  Fortran  IV  or  Fortran  IV  H 
language.  A  logical  map  of  the  LISP  system,  which  follows  the  calculations 
which  are  or  can  be  performed  is  shown  in  Fig.  35  .  In  this  chart,  the  flow 

of  the  steps  in  the  main  program  follow  the  leftmost  column,  the  calculations 
in  the  principal  subprograms  are  shown  in  the  center  column,  and  the  operations 
in  the  supporting  routines  (including  storage  and  interpolation  of  tabular 
data)  arc  presented  in  the  rightmost  column. 

Input  Data 

The  input  data  read  into  the  LISP  program  may  be  summarized  as  follows: 

(1)  Two  punch  cards  which  describe  the  calculation  to  be  performed 
(Alphanumeric  format) 
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(2)  General  data  describing  che  total  number  of  elements,  the  number  of 
separate  kinds  of  elements,  the  number  of  r  and  e  mesh  lines  for  the 
analysis  and  their  spacing,  the  number  of  z  locations  for  the 
calculations,  baffle  locations,  and  injector  pressure  drops. 

(3)  The  specifications  for  the  different  kinds  of  elements  including 
element  types  (doublet,  triplet,  etc.),  orifice  diameters  and  dis¬ 
charge  coefficients,  droplet  diameters  (if  not  to  be  calculated  by 
subprogram  DSIZE),  z  coordinate  of  the  impingement  point,  angular 
orientation  of  the  element  coordinate  system  to  the  chamber  coordinate 
system,  and  spray  coefficients  (for  Type  8  elements).  The  similar 
elements  are  assigned  to  groups  according  to  the  designation  LSPEC; 

(4)  The  particular  data  for  the  individual  elements  including  their  r  and 
9  coordinates,  the  cant  of  the  element  relative  to  the  chamber,  and 
the  group  IS PEC  -in  which  its  other  specifications  are  defined. 

(5)  The  properties  of  the  liquid  propellants  and  their  combustion  gases 
including  liquid  density,  temperature  and  latent  heat  of  vaporization, 
and  che  combustion  gas  viscosity,  temperature,  specific  heat  ratio, 
molecular  weight  and  characteristic  exhaust  velocity  (c*)  as  tabular 
functions  of  mixture  ratio. 

Output  Data 

The  printed  output  of  the  LIS?  program  contains,  first  of  all,  a  tabulation 
of  the  input  data.  The  LISP  output  calculations  are  presented  in  four  tables 
which  respectively  list: 

(1)  The  coordinates,  propellant  flow  rates,  and  drop  sizes  for  each  of 
the  injector  elements  considered  in  the  analysis. 

(2)  The  cold  flow  mass  fluxes  abm/in2Sec),  collected  mass  (lhm/see), 
velocity  components  (ft/sec)  in  the  axial,  radial  and  angular 
directions,  and  mean  drop  diameters  at  each  of  the  chamber  mesh 
points  employed  in  the  analysis.  Separate  values  are  listed  for 
fuel  and  oxidizer  spray. 
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(3)  The  weight  flux  and  average  drop  diameters  of  each  propellant  at 
each  chamber  mesh  point  after  allowance  for  vaporization  between 
the  injector  elements  and  mesh  points  together  with  the  percent  of 
each  propellant  vaporized. 

(4)  The  weight  flux,  average  drop  diameter,  gas  mixture  ratio,  gas 
temperature,  and  gas  velocity  at  each  mesh  point  for  a  gas/liquid 
coaxial  injector. 

In  addition  to  the  four  tables  described  above,  the  calculated  mixing  efficiency 
(E^) ,  mixing  limited  c*  efficiency  (  ,  chamber  pressure,  and  the  mean 

mixture  ratio,  temperature,  density  and  axial  velocity  of  the  vaporized 
propellants  are  also  listed. 

In  addition  to  the  printed  output,  the  required  punch  card  input  to  the  3D-C0MBUST 
program  is  provided.  This  deck  includes  the  spray  mass  fluxes,  velocity  vectors, 
and  drop  diameters  at  each  of  the  chamber  mesh  points  to  be  employed  in  the 
subsequent  combustion  analysis. 
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PHASE  2:  DEVELOPMENT  OF  INJECTOR  FACE 
HEAT  TRANSFER  ANALYSIS 


ANALYTICAL  MODEL 

The  initially  developed  overall  analytical  model  was  purposely  formulated  to 
avoid  detailed  treatment  of  the  near- injector  gas- flow  field  within  the 
injection/ atomization  zone  of  Fig.  1.  However,  to  analyze  the  local  heat 
transfer  rate  to  the  injector  face  an  analytical  description  of  gas  flows  in 
this  region  is  required. 

As  indicated  in  the  Analytical  Model  section  of  this  report,  the  gas-flow  field 
near  the  injector  was  assumed  to  exhibit  racirculatory  flows  which  are  driven 
by  the  pumping  action  of  the  individual  element  spray  jets.  This  model  was 
developed  through  analysis  of  the  array  of  spray  jets  shown  in  Fig.  11.  Because 
of  the  interphase  drag  the  gas  velocity  (u^)  in  the  dense  core  of  each  jet 
should  be  roughly  equal  to  the  spray  velocity  or  the  jet  injection  velocity. 

Also  because  the  overall  flowrate  of  gas  near  the  injector  face  is  low,  the 
gas  velocity  must  fall  off  sharply  with  distance  outside  each  jet  boundary. 
Finally,  the  gas  boundary  layer  around  each  jet  must  be  very  thin  near  the 
injector  face  and  must  become  progressively  thicker  in  the  downstream  direction. 


Although  a  rigorous  solution  of  the  gas- flow  field  could  be  attempted  by  the 
simultaneous  solution  of  the  continuity,  momentum,  and  energy  relationships, 

impractical.  Therefore,  because  of  the  complexity  of  the  three-dimensional 
two-phase  flow  equations,  a  version  of  the  integral  boundary  layer  technique 
was  used  to  calculate  the  velocity  and  oxidizer- concentration  profiles  in  the 
near- injector  region.  With  the  integral  boundary  layer  technique,  functional 
relationships  containing  several  unspecified  constants  are  assumed  for  the 
axial  gas  velocity  distribution  and  for  the  concentration  distribution.  These 
constants  are  then  determined  from  the  boundary  conditions,  requirements  for 
continuity  of  mass,  and  from  experimental  data. 
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Based  cm  the  work  of  Keagy,  Weller,  Reed,  and  Reid  (Ref.  18  ),  che  velocity  and 
concentration  profiles  around  a  single  liquid  jet,  or  spray  fan,  were  assumed 
to  exhibit  similarity  at  all  cross  sections.  It  was  further  assumed  that  the 
profiles  could  be  approximated  by  error  functions.  Thus,  in  the  near-injector 
region,  axial  gas  velocity  was  represented  by  a  relationship  of  the  form 


=  Cl  + 


r!  r 

-g  /  °i) 

I  Cu.e  ^  } 

elements 


where  r iz  is  the  similarity  variable  and  where  the  origin  of  the  r’  coordinate 

system  was  chosen  as  the  center  of  the  ith  element  and  r0.  is  the  liquid  core 
or  spray  radius  as  shown  in  Fig.  36  .  The  constants  ^  must  be  determined 
from  experimental  data.  If  all  of  the  elements  are  the  same,  than  a  satisfactory 
approximation  is  obtained  assuming  all  of  the  fl.’s  are  equal.  The  boundary 
conditions  for  the  axial  velocity  are  =  uz  at  r  =  rc  and  fi  =  e  (Fig.  36 . . 
Hence,  for  any  mesh  point  j  °  j  cj 
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Note  that  rCi  and  9Cj  can  be  functions  of  z,  so  that  both  interelement  and  inter- 
jet  calculations  can  be  performed  with  the  same  velocity  function. 


The  global  continuity  equation  requires  that 


u  A 
z  ^ 


c. 
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where  Ac  is  the  chamber  cross-sectional  area.  Eq.  61  assumes  a  constant  gas 
density. 
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Figure  36  Coordinate  System  for  Location  of  Liquid  Jet 


95 


the  assumed  velocity  distribution  equation,  the  global  continuity  equation 


u  k  =  C.A„  + 
Z  c  i  *- 


r  1 

Trz 

S  CU .  yrj —  n  1 

i  1  °i  /sTJ 


Employing  methods  for  solution  of  simultaneous  linear  equations,  the  variable 
C  and  the  variables  Cu,  (i  =  1,  2,  *•*»  are  calculated  from  the  boundary 


conditions  and  from  the  global  continuity  equation, 

A  similar  relationship  vas  chosen  for  the  concentration  distribution. 
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where  p..  is 
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determined  from  experimental  data.  The  boundary  conditions  are 


r  =  C  ,  at  r  =  r  and  6=9 

oxid  oxid  c  cj  cj 


Hence, 
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The  global  continuity  equation  for  the  oxidizer  is 


u  „  A„ 
ox  c 


C  ..  u  r  dr  d9 
oxid  2 


Equation  64  again  assumes  that  the  gas  density  is  constant.  Combining  the 
relations  for  gas  velocity  and  mixture  ratios  gives 
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Therefore,  by  integration  the  global  continuity  equation  becomes 


u  A  =  u  A  C- 
ox  c  z  c  2 
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(65) 


Again  solving  the  simultaneous  linear  equations,  the  variable  C2  and  the 

variables  Cc  (i  =  1,  2 . .  «)  are  calculated  from  the  oxidizer  boundary 

conditions  and  the  oxidizer  global  continuity  equation. 


This  analysis  c£  the  flow  field  near  the  injector  face  allows  subsequent 
calculations  of  the  heat  transfer  to  the  injector  face.  Injector  face  heat 
flux  is  defined  by 
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tfith  the  normal  temperature  gradient  being  obtained  from  the  energy  equation. 
At  present,  it  is  unreasonable  to  attempt  solution  of  the  three-dimensional 
energy  equation  for  all  Locations  near  the  injector  face.  The  near  injector 
temperature  profile  is  calculated,  therefore,  from  a  one-dimensional  equation 
based  on  the  control  volume  shown  in  Fig.  37  ,  where  the  convective  and 

conductive  energy  fluxes  aret 

Convection  into  the  control  volume 

Pu  C  T  +  C  T  “TT  (pu  )  A2 

z  p  ?  °Z  Z 
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velocity  decay  constants  (3^  and  the  effective  eddy  thermal  conductivity  6 
that  appear  in  the  preceding  equations  of  the  analytical  model.  The  coefficient 
ror  each  entire  injector  (constants  p^)  were  set  equal  to  each  other;  then 
a  value  of  =  0.125  was  selected  after  several  trials  to  get  the  best 
simplified  correlation  between  model  calculations  and  experimental  data. 

Several  expressions  for  the  effective  eddy  thermal  conductivity  and  the 
coefficient  C?  were  tried  including  Prandtl’s  assumption  that  is  a 
constant.  However,  with  a  constant  value  of  Cj  ,  p.  was  found  to  be  a  strong 
function  of  injector  type  and  spacing,  a  requirement  which  was  considered  to 
he  unacceptable.  Examination  of  the  usual  formulation  of  the  mixing  length, 
which  involves  a  shear  stress  and  thence  an  equivalent  length  relationship  to 
any  pressure  gradients  (the  constant  force  across  a  given  cross  sectional  area), 
indicated  that  the  equivalent  length  must  be  related  to  the  spacing  between 
orifices.  When  Cg  was  interpreted  in  this  fashion,  it  was  possible  to  correlate 

2 

Cfl  =  (distance  between  orifices)  x  (55.6) 

The  concentration  decay  rate  constants  (  (i.)  are  expected  to  be  functions  of 
the  propellant  system,  and  the  relative  vaporization  rates  of  the  propellants, 
3ecause  both  the  ICC  2  and  ICC  6  injectors  used  the  same  propellant  combination, 
the  constants  K  were  set  equal  to  each  other  and  a  value  of  1.0  was  assigned 
to  make  the  concentration  profile  similar  to  the  velocity  profile.  The 
assumptions  of  similar  velocity  and  concentration  profiles  are  reasonable  for 
a  gas  if  the  spray  jet  has  a  well-defined  radius  r  . 

D 

The  shape  of  the  heat  flux  contours  on  injectors  ICC  2  and  ICC  6,  as  predicted 
by  the  analytical  model  dre  shown  in  Fig.  38  through  40  *  The  figures  show, 
the  face  heat  flux  contour  lines  within  a  representative  45-degree  sector 
which,  because  of  symmetry,  describes  the  heat  flux  to  the  entire  face  of 
the  two  injectors.  Comparisons  of  model  predictions  with  experimental  data 
from  three  heat  flux  transducers  in  the  face  of  the  ICC  5  triplet  injector  are 
presented  in  Fig.  41  through  43  .  Finally,  comparisons  between  measured  and 
predicted  results  for  two  heat  flux  transducer  locations  on  the  face  of  unlike 
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Figure  38  Heat  Flux  Distribution  on  Face  of  Unlike  Doublet  Injector  ICC2A 
at  a  Chamber  Pressure  of  200  PSIA 
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q/A  =  .75 


Figure  40  Heat  Flux  Distribution  on  Face  of  Triplet  Injector  ICC6  at  a 
Chamber  Pressure  of  342  PSIA 
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Fig.  42  Heat  Flux  Measured  at  Transduce!'  12  on  Face  of  Injector  ICC  6 


ANALYTICAL  M3  DEL 


oas  —  xma  ivas 


106 


doublet  injector  ICC  2A  are  shown  in  Fig,  44*  .  Note  that  the  analytical 
model  properly  predicts  the  trend  exhibited  by  the  experimental  data  with  a 
parameter  defined  as  the  ratio  of  the  chamber  pressure  squared  divided  by  the 
contraction  ratio. 


This  correlation  parameter  was  selected  on  the  basts  of  an  expected  relationship 
or  the  form 


q/A  -  Xu  -  Re“ 


The  proper  choice  of  velocity  in  the  Reynolds  number  according  to  the  analytical 
model  should  be  the  recirculatory  gas  velocity.  According  to  both  the  analytical 
model  and  the  cold  flow  recirculation  experiments  described  later  in  this 
report,  the  recirculation  velocity  is  in  turn  a  function  of  the  injection  velocity. 
An  appropriate  Reynolds  number  should  therefore  be  of  the  form 


Re 


a.  u-  -  L 
p2 


Because  the  gas  density  is  proportional  to  the  chamber  pressure  and  the  liquid 
injection  velocity  is  proportional  to  the  product  of  the  chamber  pressure  and 
the  nozzle  throat  area  ,  the  heat  transfer  rate  for  a  constant  chamber  area 
should  therefore  be  given  approximately  by 


3ased  upon  calculations  with  the  IHTM  computer  program  for  the  configuration 
represented  by  the  ICC2A  injector,  the  exponent  a  has  a  value  of  approximately 
0.4  which  is  substantially  in  agreement  with  the  experimental  data  correlation 
shown  in  Fig.  41  through  44  . 


*The  correlated  data  shown  in  Fig.  44  actually  include  results  from  three 
locations;  however,  two  of  these  locations  (HF1  and  HF3)  are  essentially 
equivalent. 
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SPACES  t  TRANSDUCERS  HF-1  AND  KF-J> 
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RESIDE  OF  THE  IHTM  COMPUTER  PROGRAM 


A  logical  map  of  the  IHTM  computer  program  is  shown  in  Fig.  45. 

The  method  of  solution  is  summarized  in  the  following  paragraphs.  To  make 
ic  easier  to  follow  the  description,  the  paragraph  numbers  are  given  in 
circles  at  the  appropriate  points  on  the  flow  chart. 

1)  Input  data  required  are:  (1)  tables  of  combustion  gas  properties 
versus  mixture  ratio;  (2)  location  of  the  gas  flow  field  and  heat 
transfer  areas;  (3)  complete  specification  of  orifice  locations, 
orifice  size,  type  of  orifice  (fuel  or  oxidizer) , injection  velocity, 
and  liquid  jet  orientation  (4)  miscellaneous  program  control 
information. 

The  input  data  are  used  in  an  initialization  section  to  calculate 
a  number  of  program  variables  which  include  the  centerline  locations 
of  the  liquid  jets  as  a  function  of  the  distance  away  from  the 
injector  face,  the  values  of  R,  9,  and  z  for  the  different  mesh 
points,  velocity  and  concentration  decay  coefficients,  etc.  Input 
and  initialized  data  are  printed  out  before  entering  the  main 
computational  iteration  loops. 

2)  For  each  axial  plane,  the  average  velocity  and  the  average  oxidizer 
velocity  are  calculated  based  upon  droplet  vaporization  to  that 
plane.  At  the  present  time,  both  are  assumed  to  be  zero.  Based  on 
the  average  velocities  and  the  boundary  conditions  at  the  center 

of  each  liquid  jet,  the  velocity  coefficients,  and  Cy^,  and 

the  oxidizer  coefficients,  C„  and  C  ,  are  calculated  foi  each 

2  ci 

axial  plane. 

3)  The  main  iteration  loops  performs  incrementation  of  the  radial  and 

angular  locations*  Nested  inside  the  main  loops  is  an  iteration 
loon  which  performs  incrementation  to  the  axial  direction.  For  each 
R,  9,  Z  location,  the  axial  velocity  and  the  oxidizer  concentration 
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are  calculated  based  on  the  assumed  velocity  and  concentration 
profiles*  From  che  oxidizer  concentration,  local  mixture  ratio,  equi 
librium  and  combustion  gas  temperature  and  combustion  gas  properties 
are  calculated. 

4)  For  each  R,  9  location,  the  simplified,  one- dimensional,  energy 
equation  is  used  to  solve  for  the  temperature  profile  in  the  axial 
direction.  Based  on  this  temperature  profile,  the  local  injector 
heat  transfer  rate  is  calculated. 

5)  After  the  injector  heat  transfer  rate  for  each  R,  9  location  has 
been  calculated,  a  table  of  heat  flux  versus  R,  9  is  printed  out. 
Depending  upon  the  value  of  the  control  variable  IREAD,  the  program 
may  either  begin  a  new  case  or  terminate  the  calculation. 
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DEVELOPMENT  OF  THE  3D-C0MBUST  ANALYSIS 


The  initially  developed  version  of  the  3D-C0MBUST  computer  program  utilized  sev¬ 
eral  simplifying  assumptions  in  describing  the  physical  processes  in  the  rapid  com¬ 
bustion  zone  of  Fig.  1  -  These  assumptions  were  made  principally  for  expediency. 
During  the  oresent  investigation.,  a  number  of  the  original  simplifications  were 
either  removed  or  replaced  by  better  approximations  to  improve  the  accuracy  of 
the  model. 

One  of  those  changes  W3S  the  addition  of  a  calculation  for  the  effects  of  colli¬ 
sions  between  droplets  from  differing  size  groups  or  unlike  propellants.  In  the 
original  formulation  collisions  were  ignored,  i.e.,  the  spray  was  considered  to  be 
diLute  such  that  a  given  droplet  could  pass  through  the  cloud  of  droplets  about  it 
without  encountering  any  ccllisons.  Although  not  intentionally  included  in  the 
original  formulations,  because  of  the  nature  of  the  droplet  momentum  relations 
(see  Eq.  21  ),  and  because  of  their  use  to  define  a  single  mean  velocity  vector  for 
each  individual  drop  group  at  each  mesh  point,  a  proper  accounting  was  made  for 
the  effect  of  collisions  between  droplets  of  the  same  propellant  and  size  group. 
However,  the  effect  of  collisions  between  droplets  of  unlike  size  and/or  propel¬ 
lant  groups  that  can  produce  significant  mixture  ratio  stratification  was  ignored, 
and  consequently  injector  configurations  that  provide  mixture  ratio  bias  were  not 
properly  analyzed.  In  the  present  investigation,  the  effect  of  collisions  between 
unlike  droplets  has  been  incorporated  into  the  3D-C0MBUST  program  through  use  of 
the  collision  model  described  in  succeeding  paragraphs.  This  model  treats  the 
spray  collisions  in  the  same  fashion  as  inter-molecule  collisions  are  described 
in  the  kinetic  tneory. 

With  the  second  change  the  assumption  of  a  uniform  axial  gas  velocity  at  any  cham¬ 
ber  cross  section  (z  =  z.)  was  replaced  by  a  requirement  for  a  uniform  pressure 
gradient  (3p/3z)  at  any  chamber  cross  section.  This  change  allows  the  axial  gas 
velocity  to  assume  local  values  (r,  e,  z)  specified  by  local  spray/ gas  drag.  The 
change  results  in  somewhat  different  calculations  of  heat  transfer,  burning  rate, 
and  transverse  gas  migration. 
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The  third  change  involved  the  substitution  of  a  local  value  for  k’  in  place  of 
constant  values  for  each  propellant,  the  calculation  of  the  local  k'  evaporation 
coefficient  being  made  to  correspond  to  the  local  mixture  ratio  and  flow  £;eld. 

DROPLET  COLLISIONS 

The  analytical  model  develooed  to  account  for  the  effects  of  collisions  between 
droplets  of  different  propellant  or  site  groups  was  derived  assuming  elastic  col¬ 
lision  and  randomly  distributed  collision  angles  as  described  below. 

Consider  a  drop  from  Group  A  ;%*ith  velocity,  mass,  and  diameter  of  v,  and  D^, 
respectively,  colliding  with  a  drop  from  Group  B  with  a  velocity,  mass,  and  diam¬ 
eter  of  w,  u_,  and  D„.  The  analysis  is  facilitated  by  considering  four  separate 
Cartesian  coordinate  systems  Csss  Fig.  46  and  47  ) .  System  zero  is  the  reference 
frame  fixed  in  the  chamber,  while  system  one  corresponds  to  a  translation  of  sys¬ 
tem-  zero  to  the  center  of  drop  A  at  the  time  of  collision.  System  two  corresponds  to 
a  rotation  of  system  one  such  that  the  y0  axis  is  antiparallel  to  the  relative 
velocity  u  =  w  -  v.  System  three  corresponds  to  a  rotation  of  system  two  such 
that  the  positive  x_  axis  goes  through  the  point  of  contact,  P  =  (PX9,  Py9,  PZ9). 

Assuming  elastic  collisions,  the  velocity  of  drop  A  after  collisions  can  be  cal¬ 
culated  immediately,  i.e., 


""5  ”3 

where  the  superscript  i  denotes  the  velocity  before  collision  and  f  denotes  the 
velocity  after  collision.  This  result  can  be  written  in  system  two  coordinates 
through  the  use  of  the  rotation  matrix  R. 
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The  usual  assumption  that  the  center  of  drop  B  is  uniformly  distributed  over  the 

cross-sectional,  area  presented  to  it  yields  the  joint  probability  distribution  of 

2  2  2  2 

the  ''random"  variables  (Px2»  py->>  Requiring  PX2  +  ?y2  *  PZ2  =  D  where 

D  =  D,  +  D_,  then 

A  D 
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P{PX  .  p_ 
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D  <  P  <  D 
X„  ~ 


D“  -  P~  <  P  <  /d' 

•v2  “2 

otherwise 


is  the  joint  probability  densitv  function  of  P  and  P  . 

*  Y  ? 

2  "2 

■n 

The  expected  value  of  can  then  be  defined  as 
ECvj)  *//v f  PCX >2)  dxds 

Since  and  w5  are  independent  of  the  point  of  contact,  then 

^2  =  £(R3"1  GIV  ^2  +  £(R3_1  HR3)  *2 

After  performing  the  necessary  computations  and  writing  the  result  in  system  one 
coordinates  using  the  rotation  matrix  analogous  to  R,  the  result  is 


■'5  ■  :i  •  GA) <=: -  =i> 


The  velocity  components  in  system  one  are  the  same  as  in.  the  reference  frame. 
Hence,  it  is  found  that  the  expected  change  in  momentum  of  drop  A  due  to  a  colli¬ 
sion  with  drop  B  is 


JPA 


(w  -  V) 


(67) 


where  w  and  v  are  the  original  velocities.  From  Eq.  67  ,  the  average  momentum 
Change  A?A  is  in  the  direction  of  the  relative  velocity  and  has  a  magnitude 
exactly  one-half  of  that  which  would  result  if  all  collisions  were  head-on.  Fur¬ 
ther,  it  may  be  easily  shown  that  the  number  rate  of  collisions  that  drops  from 
Group  A  experience  with  drops  from  Group  B  per  unit  volume  is 

(12)  Na  Nsu/4  (Da  tDs)2  |w  - 
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where  and  ,%:B  are  The  drop  number  concentrations  of  Group  A  and  B,  respectively. 
Thus,  the  expected  force  per  unit  volume  on  Group  A  due  to  Group  B  can  be  written  as 


-*8  12 

=  •  —  N. 
A  gc  A 


nb  7 


V 


UA  UB 


I  I  + 

|w  -  V I  (w  -  v) 


Finally,  the  force  on  an  arbitrary  group  j  due  to  collisions  in  general  can  be 
found  by  summing  the  individual  forces: 


F. 


=  7  Fk 

k7j  J 


(68) 


These  force  terms  were  added  to  the  original  droplet  momentum  equations. 


The  effect  of  the  droplet  collisions  upon  downstream  mixture  ratio  can  be  signifi¬ 
cant  m  cases  which  provide  an  initial  spray  mixture  ratio  bias.  For  example,  in 
the  72-element,  like-doublet-pair  injector  ICC1,  which  was  built  and  tested  under 
the  previous  contract  (Ref.  1  ) ,  an  initial  mixture  ratio  bias  is  provided  by  an 
outboard  ring  of  fuel  elements.  A  blocking  of  the  hot,  high  mixture -ratio  combus¬ 
tion  gases  from  the  wall  by  the  outer  fuel  spray  has  been  demonstrated  experiment- 
ally  [Ref.  1  );  however,  this  blocking  was  not  predicted  by  the  previous  3D-C0MBUST 
program.  As  a  checkout  case  for  the  droplet  collision  model,  a  prediction  of  gas 
and  spray  mixture  ratio  after  1.0  inch  of  marching  calculations  by  the  3D-C0MBUST 
program  was  made  with  and  without  collisions  between  fuel  and  oxidizer  drop.  The 
results  are  shown  in  Fig. 48  and  49-  There  is  only  a  small  reduction  in  calculated 
gas  mixture  ratio;  however,  there  is  a  marked  reduction  in  calculated  spray  mixture 
ratio  at  the  wall.  Because  the  axial  location  represented  by  Fig. 48  and  49  cor¬ 
responds  to  a  point  at  which  spray  combustion  is  only  about  35  percent  complete, 
the  spray  mixture  ratio  distribution  is  the  most  relevant  to  the  eventual  down¬ 
stream  wall  mixture  ratio.  The  circumferential  differences  in  spray  mixture  ratio 
shown  in  Fig.  49  represent  differences...of  up  to  480  R  in  predicted  adiabatic  wall 
temperature  for-  the  propellant  combination  N^/ 5053^- 50%  TJDMH.  The  difference 
between  the  two  calculation  schemes  is,  therefore,  significant,  and  based  upon 
experimental  values  of  measured  adiabatic  wall  temperature  and  wall  charring, 
the  calculation  with  droplet  collision  is  more  accurate. 
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SPRAY  MIXTURE  RATIO  AT  WALL  GAS  MIXTURE  RATIO  AT  WALL 
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Figure  48  Effect  of  Droplet  Collisions  on  Gas  Mixture 

Ratio  at  Chamber  Wall  of  Like  Doublet  Injector 


Figure  49  Effect  of  Droplet  Collisions  on  Spray  Mixture 
Ratio  at  Chamber  Wall  of  Like  Doublet  Injector 
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VARIABLE  AXIAL  GAS  VELOCITY 


During  original  development  of  the  5D-C0MBUST  analytical  model,  an  attempt  was 
made  to  determine  the  four  gas-phase  variables  u_,  u  ,  Ug,  and  p  as  functions  of 
of  r,9,z  from  solution  of  the  gas-phase  continuity  equation  and  the  z~  ,  r~,  and  6- 
gas  phase  momentum  equations.  Because  of  the  partially  elliptic  character  of  the 
four  partial  differential  equations,  the  system  was  unstable  and  the  numerical 
solution  by  a  marching  technique  was  unsuccessful.  Therefore,  the  initial  formu¬ 
lation  was  made  solvable  by  requiring  the  axial  gas  velocity  to  be  uniform  (con¬ 
stant])  at  any  cross  section,  but  also  to  satisfy  the  global  continuity  requirement 


3u_(z) 

dz 


Mm  r,9,a)rdrd9 

f J"  P  (r ,  9 , 2)  rdrd8 


This  one-dimensional  definition  of  axial  gas  velocity  was  rationalized  on  the 
basis  that  the  flow  in  a  rocket  engine  combustion  chamber  resembled  the  flow  in  a 
closed  duct  for  which  the  pressure  and  axial  pressure  gradient  should  be  essentially 
uniform  across  the  duct.  A  uniform  axial  pressure  gradient  was  then  assumed  to 
imply  that  the  axial  velocity  gradient  was  also  uniform  across  the  chamber  cross 
section.  The  latter  assumption,  however,  proved  to  be  inconsistent  with  the  down¬ 
stream  calculations  of  the  STRMTB  multiple  stream  tube  analysis  which  predicted 
significantly  nonuniform  axial  gas  velocities-  with  a  uniform  axial  pressure  grad¬ 
ient.  Differences  in  axial  gas  velocities  are  calculated  primarily  because  of  the 
nonuniforra  axial  drag  forces  in  a  nonuniformly  distributed  spray  and  also  because 
of  the  variation  in  gas  density  and  specific  heat  ratio  due  to  the  nonuniform  mix¬ 
ture  ratio.  During  the  present  investigation,  the  assumption  of  a  uniform  axial 
pressure  gradient  was  retained,  but  the  axial  gas  velocity  together  with  this 
pressure  gradient  were  calculated.  This  was  done  by  simultaneous  solution  of  the 
z  momentum  equation  for  the  gas  at  all  the  r-0  mesh  points  in  a  given  z  plane 
and  the  global  continuity  relation 

JJ  (pu^)rdrd9  =  mrdrdQ 
with  p,  u^,  and  m  being  functions  of  (r,0,2). 
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In  finite  difference  torn,  the  axial  gas  aoaentun  equation  is 


(rpu“) 


(rcu 


.  .  (rou  u  ).  .  .  ,  -  (rcu  u  , 
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where  droplet  collision  force  F  ,  .  ,  is  given  by  Eq.  68  ,  and  the  viscous 

shear  stresses  are  given  by 


ri,j ,2  144Ar 


9 .  . 


i,j,2  144A0“r.  . 

i>J 


- — y  Rwru  )  -  2(uru  ).  +  (uru  )  ] 

4Ar  L  “  i+l,j>2  i,j ,2  i-1, j ,2 J 

\ -  [Cvu  )  -  2(uuJ  +  Cpu J.  ] 

T.  .  -  L  i.j+1,2  i, j ,2  “ 


Here,  i  represents  a  radial  mesh  point,  j  represents  an  angular  mesh  point,  and 
2,1  refers  to  z  planes  1  and  2  of  the  marching  calculation.  (See  Fig.  5  ).  Note 
that  subscripts  i  and  j  have  been  deleted  from  the  3P/3z  term  in  line  with  the 
requirement  that  this  term  be  a  function  of  z  only.  This  equation  can  be  written 
for  i  =  1,  ...,  I  and  j  =  1,  _ _  J  with  appropriate  modifications  at  the  boun¬ 

daries.  In  each  equation,  the  axial  velocity  at  the  new  level  (corresponding  to 
the  subscript  2)  and  the  pressure  gradient  (3P/3z)are  treated  as  unknowns.  Replac¬ 
ing  all  other  variables  with  either  their  known  (old)  z  level  values  or  with  their 
predicted  values  yields  a  system  of  I  x  J  equations,  which  is  uncoupled  from  the 
other  differential  equations.  There  are  I  x  J  +  1  unknowns  in  this  system,  namely 

u..  for  i  =  1,  I  and  j  =  1,  J  and  (3P/3Z)^.  The  problem  is  closed 

i,j,  2  1 

when  the  global  continuity  equation,  written  in  finite  difference  form,  is  adjoined 

to  the  system.  It  is 
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To  5e:etaer  significant  differences  in  local  mixture  ratios  are  predicted 

by  the  variable  R’  model  as  opposed  to  tre  sis^ier  definition  of  a  single  average 
kr  as  used  in  the  previous  3D-C0MFUST  pr.  gram,  comparative  calculations  were  made 
with  the  old  and  new  versions  of  3D-C0fcbUST.  Different  results  were  obtained  with 
the  two  models,  examples  of  which  are  shown  in  Fig.  50  (a  specific  injector).  In 
a  given  problem,  the  differences  in  local  predictions  of  mixture  ratio  apparently 
due  to  the  differences  in  k’  definition  are  also  influenced  by  the  particular 
characteristics  of  the  injector  geometry  and  propellant  combination;  therefore, 
no  general  conclusions  should  be  drawn  about  the  significance  of  the  results  shown 
in  Fig.  50  for  other  injectors.  The  use  of  the  variable  k'  calculation  does  always 
represent  a  clear  improvement,  however,  from  one  standpoint.  Together  with  the 
variable  axial  velocity  assumption,  it  makes  the  3D-C0MBUST  program  consistent 
with  the  STRMT3  stream  tube  program  in  its  combustion  and  axial  momentum  mechanisms 
and  therefore  makes  the  overall  performance  calculation  less  sensitive  to  the  length 
of  the  chamber  over  which  calculations  are  performed  with  the  respective  computer 
programs. 

INITIALIZATION  OF  GAS  FLOW  FIELD 

The  LISP  computer  program  ordinarily  supplies  a  definition  of  a  uniform  axial  gas 
velocity  and  mixture  ratio  to  the  3D-C0MBUST  program  at  its  starting  plane  z. 

These  definitions  are  based  upon  global  continuity  for  that  fraction  of  the  injected 
propellants  calculated  to  be  gasified  between  the  injector  and  plane  zq.  However, 

LISP  tan  supply  no  definition  of  radial  or  tangential  velocities;  consequently, 
they  are  defined  to  be  zero.  In  the  usual  situation  in  which  the  LISP  definition 
of  axial  gas  velocity  is  greater  than  the  spray  axial  velocity,  the  3D-C0MBUST 
marching  calculation  is  started  with  no  problems  provided  that  short  (approximately 
.005  -  .02  inch)  increments  are  employed  during  the  first  few  steps  in  the  z  direction. 
The  marching  calculation  quickly  develops  a  non-uniform  axial  velocity  and  the  re¬ 
quired  transverse  velocities  to  satisfy  continuity  and  axial  momentum. 
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Reproduced  from 
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GAS  MIXTURE  RATIO  AT  THE  WALL 


CONSTANT  EVAPORATION  COEFFICIENT  _ 

VARIABLE  EVAPORATION  COEFFICIENT  - 


ANGULAR  LOCATION  ALONG  WALL- -inch 


Figure  50  The  Effect  of  a  Variable  Evaporation  Coefficient  Upon 

Calculation  of  a  Local  Mixture  Ratio  for  a  Like  Doublet 
Injector 


If,  however,  the  axial  gas  velocity  defined  by  the  LISP  program  is  less  than 
the  axial  spray  velocities  (also  supplied  by  LISP]) ,  the  usual  boundary  condi¬ 
tion  leads  to  numerical  instabilities  through  the  coupling  of  overpredicted 
values  in  the  subsequent  marching  calculations  of  axial,  radial,  and  tangential 
gas  velocities  within  3D-C0MBUST.  This  instability  arises  ir.  cases  where  drag 
forces  between  spray  and  drops  accelerate  rather  than  hold  back  the  axial  gas 
movemen  t . 


To  overcome  this  difficulty,  an  alternate  initialisation  procedure  was  adopted 
for  cases  where  axial  gas  velocity  is  less  than  the  axial  velocity  of  the 
slowest  moving  spray  drop  group.  The  local  axial  acceleration  of  the  gas 
ou/3c  is  defined  as  being  equal  to  the  local  value  of  the  spray  vaporization 
rate  ft;  therefore,  no  transverse  gas  velocities  are  initially  required  to 
satisfy  mass  continuity.  The  axial  gas  momentum  equation  is  then  rewritten  to 
solve  for  an  initial  local  gas  velocity  (at  each  mesh  point)  which  satisfies 
tiie  axial  momentum  relationship,  Eq.16  ,  under  conditions  of  no  transverse  gas 
velocity.  This  procedure  has  been  incorporated  into  a  subroutine  U2STRT  which 
is  employed  only  when  the  uniform  axial  gas  velocity  specified  by  LISP  is 
everywhere  less  than  the  spray  velocity.  The  subsequent  definition  of  a  non- 
uniform  axial  gas  velocity  supplied  by  UZSTRT  permits  the  3D-C0HBUST  marching 
calculation  to  proceed  without  numerical  instabilities.  Based  upon  examinations 
of  3D-C0MBUST  calculations,  the  definition  of  a  local  gas  acceleration  that  is 
equal  to  the  local  vaporization  rate  is  considered  to  be  a  fairly  realistic 
simplifying  assumption  provided  that  the  average  axial  gas  velocity  is  in  the 
range  0.6-0.S  of  the  spray  axial  velocities.  If,  however,  the  gas  velocity  is 
less  than  approximately  0.6  of  the  spray  velocity,  numerical  instabilities  still 
result  (presumably  because  3u/32  is  substantially  greater  than  ft),  In  the  case 
where  the  average  axial  gas  velocity  lies  in  the  range  0. 8-1.0  of  the  spray  velocity, 
the  non-uniform  axial  gas  velocity  defined  by  UZSTRT  appears  to  be  unrealistic  from”  * 
a  physical  standpoint,  because  axial  gas  velocities  higher  than  the  spray  velocities 
are  predicted  in  regions  of  low  spray  concentration.  The  LISP  calculational  plane 
and  hence  the  start  of  the  3D-C0MBUST  program  should  be  selected  such  that 
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the  starting  plane  for  the  combustion  calculation  lies  within  the  regions 

0.6  u,  <u  <  0. 8  u  , 
d„  r  d_ 

u,  <  u 

z 

RESUME  OF  THE  5 D- COMBUST  PROGRAM 

The  3U-C0MBUST  program  performs  a  marching  calculation  from  an  initial  plane 
il  to  a  terminal  plane  i.ST0P  in  increments  DZ  between  successive  Dianes  Z1  and 
--*•  A  logical  map  of  the  calculation  path  is  shown  in  Fig.  51.  The  overall 
caivulational  network  consists  of  a  MAIN  or  calling  program  together  with  five 
groups  of  subprograms.  The  functions  of  the  five  subprogram  sets  are  described 
in  the  paragraphs  below.  The  interaction  of  the  separate  subprograms  and 
subprogram  groups  may  be  follot^ed  by  reference  to  Fig.  51. 

The  first  group  of  subprograms  (NITIAL,  CHANGE,  C0NCHK,  KPRIME,  and  UZSTRT) 
together  with  the  MAIN'  program  reads  in  the  input  punch  card  data,  defines  the 
areas  associated  with  the  mesh  point  geometry,  calculates  a  table  of  kf 
evaporation  coefficients  to  be  used  throughout  the  calculation,  redefines  (when 
ur  less  than  ud  )  the  axial  gas  velocity  in  the  starting  plane  Zl,  and  updates 
the  definitions'of  all  parameters  at  each  subsequent  pair  of  calculational 
planes  Zl  and  Z2. 

The  second  group  of  subprograms  (PN,  SPRAY,  PR0D,  PUDZ,  PUDT,  ZM0M,  C0NTIN, 
and  PMtX)  constitute  a  predicter  cycle  in  which  spray  and  gas  densities, 
velocities,  mixture  ratios,  and  coupling  terms  in  plane  Z2  are  calculated  upon 
the  basis  of  controlling  parameters  defined  in  the  associated  plane  Zl.  In  all 
subprograms  which  begin  with  the  letter  P,  variables  along  any  radial  mesh  line 
J  are  calculated  simultaneously  with  the  calculations  sweeping  in  the  angular 
direction  from  the  right  to  the  left  boundaries  of  the  slice  defined  in  Fig.  5 

*The  actual  Fortran  nomenclature  for  key  variables  and  routines  is  used  where 
applicable  in  this  section. 
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Figure  51  Logic  Map  of  3D-C0MBUST  Computer  Program 
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Predictor  Cycle  Subroutines 
4. 
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Figure  51  (Continued) 

(Details  of  Predictor  and  Corrector 
Cycle  Blocks) 


Corrector  Cycle  Subroutine 
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The  third  group  of  subprograms  (SPRAY,  CR0D,  CUDZ,  CUDR,  CUDT,  CN,  ZM0M,  C0NTIN, 
and  CMIX)  constitute  a  corrector  cycle  which  recalculates  the  values  of  spray 
and  gas  variables  in  plane  Z2  based  upon  the  preliminary  estimates  of  the  con¬ 
trolling  parameters  in  plane  Z2  made  in  the  predictor  cycle.  In  the  subprograms 
which  begin  with  the  letter  C,  variables  along  any  circumferential  raesh  line  I 
are  calculated  simultaneously  with  the  calculations  sweeping  in  the  radial 
direction  from  the  midpoint  of  the  chamber  to  the  chamber  wall  in  the  slice 
shown  in  Fig.  5  .  It  may  be  noted  that  the  SPRAY  (calculates  coupling  terms), 
Z'm  (calculates  axial  gas  velocity),  and  C0NTIN  (calculates  transverse  gas 
velocities)  are  used  in  both  the  predictor  and  corrector  cycles. 

The  fourth  group  of  subprograms  (PRINT,  BLMP ,  and  CPUNI)  together  with  the  MAIN 
program  prints  out  the  calculated  spray  and  gas  variables  (see  Output  Data)  in 
each  Z2  plane  and  punches  out  input  data  to  be  used  in  the  STRMTB  and  BLEAT 
programs. 

The  fifth  set  of  subprograms  (PR0P,  RH0T,  TRPLIN,  TRIDI,  BAND,  ABAND,  XITRP, 
L0CATE,  and  Y0F)  are  a  service  group  which  look  up  data  stored  in  tables  and 
perform  the  mechanical  operations  of  the  matrix  solutions  to  the  various 
conservation  equations. 

Input  Data 

The  required  input  data  for  3D-C0MBUST  consists  of: 

(1)  Two  punch  cards  which  give  a  general  description  of  the  problem 
being  analyzed  (alphanumeric  format) 

(2)  Seven  punch  cards  which  provide  the  general  data  necessary  to  control 
printout  of  calculated  data,  and  to  define  the  calculational  mesh 
point  system,  the  initial  and  terminal  z  planes  of  the  calculation, 
number  of  drop  groups  to  be  employed  in  the  calculation,  liquid  propel¬ 
lant  properties,  and  the  axial  gas  velocity,  mixture  ratio,  temperature, 
density,  and  pressure,  if  these  parameters  are  to  be  assumed  uniform 

in  the  initial  z  plane.  Definition  of  uniform  gas  parameters  are 
ordinary  supplied  by  the  LISP  computer  program. 
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(3)  Tables  defining  the  gas  viscosity,  stagnation  temperature,  molecular 

weight,  and  specific  heat  ratio,  as  functions  of  gas  mixture  ratio. 

These  tables  are  usually  available  on  punch  cards  from  the  I.ISP  program. 

(4j  Tables  of  k'  evaporation  parameters  for  each  propellant. 

(SJ  The  values  of  the  diameters,  of  the  axial,  radial,  and  circumferential 

.2 

velocities,  and  of  the  mass  flux  (lbni/in“  see)  for  each  propellant 
drop  group  at  each  mesh  point  in  the  initial  z  plane.  The  punch 
cards  supplying  these  data  are  ordinarily  available  as  a  deck  of 
LISP  punch  card  output. 

(6)  Hie  values  of  the  axial,  radial,  and  circumferential  gas  velocities, 
together  with  the  gas  mixture  ratio,  temperature,  density,  and  pressure 
if  these  parameters  are  not  to  be  considered  uniform  in  the  initial 

z  piane. 

(7)  Instructions  for  the  lumping  of  mesh  points  in  the  terminal  z 
plane  into  stream  tubes  such  that  gas  and  spray  data  can  be  supplied 
as  punch  card  input  to  the  STRMTB  program. 

fo)  Instructions  defining  the  z  planes  at  which  gas  and  spray  data  at  the 
wall  mesh  points  will  be  supplied  as  punch  card  input  to  the  BLEAT 
program. 

Output  Data 

The  input  data  used  by  the  3D-C0MBUST  program  is  written  out  on  tape  (for 
subsequent  printout)  immediately  after  being  read  in  to  the  computer  such  that 
input  errors  can  be  conveniently  located.  This  output  is  followed  by  a  listing 
of  the  k'  tables  and  the  initial  plane  gas  and  spray  conditions  as  calculated 
by  the  subprograms  NITIAL,  CHANGE,  and  KPRIME. 

In  the  initial  plane  and  in  each  succeeding  z  plane,  four  separate  tables  arc 
prepared  which  list  respectively: 

(l)  The  density,  mixture  ratio,  axial,  radial  and  circumferential 
velocities,  temperature,  and  pressure  of  the  gas  at  each  r,  9 
mesh  point. 
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(2)  The  droplet  diameter,  spray  density,  evaporation  rate,  droplet  number 
concentration,  axial,  radial  and  circumferential  droplet  velocities, 
and  the  axial  mass  fluxes  for  each  drop  group  at  each  r,  0  mesh  point. 

(3)  The  interphase  drag  forces  at  each  r,  0  mesh  point. 

(4)  The  droplet  collision  forces  at  each  mesh  point. 

In  addition,  a  listing  is  made  of  the  mass  balance  of  propellants  at  each  plane 
and  the  required  correction  which  is  imposed  to  preserve  mass  continuity  at 
each  marching  step. 

The  printout  of  the  preceding  data  listings  can  be  controlled  in  a  flexible 
manner  to  give  a  tabulation  at  both  predicter  and  corrector  cycles  in  each  z 
plane,  at  only  the  corrector  cycle,  or  at  only  a  limited  number  of  z  planes 
through  the  marching  calculation. 

Finally,  a  printing  is  made  of  the  punch  card  output  provided  for  the  STRMTB 
and  BLEAT  programs. 
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CHANGES  IN  THE  BLEAT  PROGRAM 


The  revisions  to  the  BLEAT  computer  program  included:  (1)  Incorporation  of  more 
detail  into  calculation  of  heat  transfer  coefficients  in  the  downstream  portion 
of  the  thrust  chamber  where  the  combustion  gas  stream  is  defined  by  the  STRMTB 
program,  (2)  elimination  of  the  direct  use  of  radial  gas  velocity  and  spray 
impingement  for  calculation  of  heat  transfer  in  the  3D- COMBUST  portion  of  the 
chamber  with  the  substitution  of  a  model  based  upon  injection  Reynolds  number,  and 
(3)  inclusion  of  heat  flux  and  integrated  heat  load  calculations  for  regenerative 
cooling  applications. 

STRMTB  REGION  HEAT  TRANSFER 

Calculation  of  heat  transfer  coefficients  in  the  boundary  layer  surrounding  the 
STRMTB  zone  of  Fig.  1  is  based  upon  the  E lliot- Bart z- Silver  method  of  calculating 
the  local  energy  thickness  of  the  thermal  boundary  layer  and  then  using  the  energy 
thickness  as  the  characteristic  length  in  defining  the  Stanton  number.  From 
Ref.  7  ,  the  buildup  of  the  energy  thickness'  is  given  by 


Integration  of  Eq.  69  from  the  boundary  layer  attachment  point  z  to  axial 
coordinate  z  defines  the  energy  thickness  at  z  under  conditions  in  which  the 
flow  undergoes  both  acceleration  and  cooling.  If  both  Tq  and  T^  are  assumed 
to  be  relatively  constant,  Eq.  69  can  be  reduced  to 


The  energy  thickness  is  defined  as  the  thickness  of  a  potential  flow  which 
contains  the  same  decrement  in  energy  from  the  free  stream  condition  as  the 
real  boundary  layer. 
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A  numerical  integration  of  Eq.  70  from  the  start  of  the  STRMTB  region  to  the 
z-plane  of  interest  has  been  substituted  far  Eq.  28  as  the  means  of  calculating 
the  energy  thickness.  The  integration  is  carried  out  separately  for  each  wall 
stream  tube.  To  start  the  integration,  the  energy  thickness  is  defined  at  the 
first  calculational  plane  in  the  STSIiTB  region  by 


0T  =  aM  =  .037  Re;-2(Z  -  zQ) 

Rez  =  uz  (  2~  V^g 


(71) 


Equation  71  is  based  upon  the  assumption  that  temperature  and  velocity 
profiles  are  similar  for  gas  streams  and  that  the  boundary  layer  can  be 
approximated  by  the  corresponding  flat  plate  flow  system  with  sufficient  accuracy 
to  initiate  the  integral  solution. 


For  highly  cooled  turbulent  boundary  layers  (T^.«  Tq)  ,  the  following  definition 
for  Stanton  number  can  be  defined  based  upon  similarity  between  skin  friction 
and  heat  transfer 


The  reference  temperature,  T^,  for  evaluating  mean  gas  properties  is  taken  as 
the  arithmetic  mean  between  the  temperatures  of  the  main  gas  stream  and  the 
chamber  wall,  i.e.. 
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(Tg  -  V/2 


(73  ) 


T  = 
r 


Equations  70  and  72  have  been  programmed  into  the  BLEAT  program  to 
permit  a  calculation  of  the  heat  transfer  coefficient  defined  by 


h  =  p  uz  C  St  (74) 

S  'S  P 

under  both  the  ablative  wall  condition  and  the  highly  cooled  wall  condition 
associated  with  regenerative  cooling.  A  suitable  value  of  Ty  is  supplied  as 
input  data  by  the  BLEAT  user;  otherwise  the  program  assumes  an  ablative  chamber 
■wall  with  a  surface  temperature  equal  to  in  Eq.  70  . 

* 

For  conditions  of  high  acceleration  when  the  dimensionless  Launder  parameter 
is  greater  than  3.0  x  10  and  a  subsequent  laminar ization  of  the  boundary  layer 
is  expected  to  occur  the  definition  of  Stanton  numbers  is  changed  to 


In  the  case  of  either  laminar  or  turbulent  boundary  layers,  the  gas  density  and 
viscosity  ratios  are  assumed  to  be  given  by 


*  Definition  of  the  Launder  parameter  and  a  discussion  of  the  effects  of  flow 
acceleration  upon  heat  transfer  are  presented  in  the  following  section  dealing 
with  heat  transfer  in  the  3D-C0MBUST  zone.  The  change  from  Eq.  72  to  Eq.  75 
for  calculation  of  Stanton  number  is  made  when  the  Launder  parameter  is 
3.0  x  10"^  rather  than  the  usual  2.0  x  IQ-^  so  as  to  provide  for  conservative 
heat  transfer  calculations.  The  coefficient  0.008  in  Eq.  75  was  also  chosen 
to  give  a  conservative  estimation  of  reduction  in  heat  transfer  coefficient 
even  when  laminarization  is  calculated. 
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The  definition  of  effective  combustion  gas  temperature  previously  employed  for 
the  STRMTB  region  (Kef.  1>  has  been  retained.  The  equilibrium  combustion  gas 
temperature  defined  by  the  local  gas  mixture  ratio  is  multiplied  by  the  local 
percent  completion  of  combustion. 

3D- COBUST  REGION  KSAT  TRANSFER 

The  heat  transfer  model  set  up  in  Ref.  1  for  the  3D-C&MBUST  zone  of  Fig.  1 
included  two  mechanisms,  spray  impingement  and  radial  velocity,  whose  effects 
could  not  be  calculated  with  any  degree  of  confidence  because  experimental 
data  in  equivalent  systems  were  not  available  at  that  time.  Accordingly,  a 
critical  review  of  recent  literature  was  made  to  determine  whether  the  initial 
model  was  realistic.  This  survey,  results  of  which  are  presented  in  the 
following  paragraphs,  indicated  that  the  model  was  incorrect  with  respect  to 
radial  velocity  effects  and  also  indicated  that  substantially  more  experimental 
effort  was  required  before  spray  impingement  heat  transfer  could  be  predicted 
with  a  useful  degree  of  confidence. 

Literature  Survey 

From  continuity  requirements,  the  presence  of  a  transverse  velocity  in  a  flow- 
passage  is  always  associated  with  an  acceleration  or  deceleration  of  tile  axial 
flow  in  the  passage.  In  two-dimensional  cartesian  coordinates,  this  relation¬ 
ship  is  represented  for  incompressible  flow  by 

9x 

Although  negligible  experimental  data  are  available  in  the  literature  directly 
concerning  the" effects  of  a  normal  flow  into  the  wall  superimposed  upon  the  main 
flow  parallel  to  the  wall,  a  great  deal  of  work  has  been  done  recently  concerning 
the  effects  of  a  varying  axial  flow.  Back  and  co-workers  (Ref«  19  ,  20  , 
and  21  )  have  investigated  the  velocity  and  temperature  distributions  in  nozzles 
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of  varying  convergence  angle.  Kays  and  Moretci  (Ref.  22  )  and  Junkhan  and 

Serovy  (Ref.  23  )  have  investigated  the  effects  of  flow  acceleration  on  boundary 

layer  velocity  profiles  and/or  heat  transfer  upon  flat  plate  surfaces.  In  all 
these  investigations,  if  the  acceleration  of  the  axial  flow  exceeded  a  critical 
value,  heat  transfer  was  reduced  and  the  velocity  profiles  approached  a  shape 
equivalent  to  that  calculated  for  a  laminar  boundary  layer.  The  effect  of 
acceleration  has  been  correlated  to  the  dimensionless  Launder  parameter, 
defined  by 


duz  W 


-e 

If  this  parameter  exceeds  a  critical  value  of  approximately  2.0  x  10  , 

turbulent  boundary  layers  apparently  undergo  a  re- transition  to  laminar  flow, 
and  the  associated  reduction  in  the  eddy  diffusivity  for  heat  dominates  the 
increase  in  heat  transfer  due  to  the  accompanying  flow  into  the  wall.  The 
theoretical  analysis  of  radial  velocity  effects  in  the  original  BLEAT  program  was 
based  upon  the  assumption  that  turbulent  velocity  profiles  and  eddy  diffusivities 
under  accelerating  flow  were  similar  to  those  under  developed  flow  conditions 
(see  page  35  ).  Based  upon  the  experimental  investigations  described  immediately 

above,  this  assumption  is  no  longer  considered  to  be  correct  and  a  se^-ch  was 
made  for  an  alternate  method  of  explaining  and  correlating  the  high  hea.  transfer 
coefficients  measured  near  the  injectors  of  rocket  thrust  chambers. 

Whereas  rapid  acceleration  of  the  axial  flow  reduces  heat  transfer,  the  opposite 
has  been  found  to  be  true  for  the  case  where  an  abrupt  enlargement  produces  a 
rapid  deceleration.  Zemanick  and  Dougall  (Ref.  24  )  measured  the  heat  transfer 

to  air,  and  Krall  and  Sparrow  measured  the  heat  transfer  to  water  downstream  of 
stepwise  expansions  in  circular  ducts.  Seban  (Ref.  26  )  and  Filetti  and  Kays 

(Ref.  27  )  measured  heat  transfer  coefficients  downstream  of  step  changes  in 

rectangular  cross- sectioned  ducts.  In  these  investigations,  the  ratio  of  the 
heat  transfer  coefficient  at  the  attachment  point  to  the  fully  developed 
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coefficient  farther  downstream  was  as  high  as  5.0.  The  increased  heat  transfer 
coefficients  fell  off  gradually  over  a  considerable  distance  downstream  in  the 
neutral  acceleration  region  downstream  of  the  attachment  point.  The  interesting 
feature  of  the  circular  duct  data  of  Refs.  24  and  25  was  that  the  attachment 
point  heat  transfer  for  both  water  and  air  could  be  correlated  by 

.67  .4 

Nu  =*  .24  Res  Pr  (77) 

where  the  Nusselt  number  has  its  usual  definition  in  terns  of  the  local  diameter 


Nu  = 


h  D 


but  the  Reynolds  number  is  based  upon  the  diameter  of  the  passage  just  before 
the  sudden  enlargement 


D_W 

„  -  5  S 

ReS  ~  ASHS 


Although  attachment  point  heat  transfer  data  for  the  rectangular  cross-sectioned 
ducts  ware  not  correlated  to  this  correlation  in  Refs.  26  and  27  >  an 

examination  of  graphically  presented  results  indicates  that  a  correlation  would 
have  been  obtained  on  a  similar  basis.  The  implication  of  this  common,  agree¬ 
ment  for  such  differing  fluids  as  water  and  air  and  for  differing  geometries  is 
that  a  Reynolds  number  based  upon  injection  conditions  might  provide  the  basis  for 
calculating  heat  transfer  at  the  attachment  point  in  thrust  chambers.  Such  a 
concept  is  applied  in  the  following  section. 


Limited  data  were  found  in  the  literature  survey  describing  impinging  spray 
heat  transfer,  and  only  the  studies  by  Rowley  (Ref.  8  ,  9  ,  and  10  ) 

were  directly  concerned  with  a  bi-propellant  burning  spray  fan.  Rowley  made  a 
limited  determination  of  the  net  heat  transfer  to  a  surface  normal  to  the 
resultant  momentum  lineof a  single  unlike  doublet  with  the  weakly  hypargolic 
methanol/nicric  acid  propellant  combination.  Other  less- directly- related 
data  included  the  results  of  Rurick  (Ref.  28  ) ,  who  determined  the  heat 

transfer  from  a  heated  surface  to  impinging  sodium  droplets,  and  chat  of  Holman 
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and  McGinnis  (Ref.  29  )  who  measured  Che  cooling  of  a  surface  "by  single  droplets 
of  water,  alcohol,  and  acetone.  The  data  of  Rowley  and  Nurick  both  indicate 
that  spray  heat  transfer  is  proportional  to  approximately  the  normal  spray  mass 
flux  raised  to  the  .4-. 5  power.  These  heat  transfer  results  are  correlated  to 
a  temperature  driving  potential  (i.e.,  as  a  heat  transfer  coefficient);  however 
their  reported  data  do  not  cover  the  situation  where  the  surface  temperature  is 
substantially  above  the  saturation  temperature  of  the  liquid  droplets.  For  a 
superheated  surface,  the  data  of  Holman  and  McGinnis  indicates  that  cooling 
peaks  out  at  a  superheat  of  approximately  300  F  and  then  falls  off  very  rapidly. 
This  observed  high  temperature  tailoff  in  heat  transfer  coefficient,  which  is 
probably  related  to  the  Liedenfrost  phenomenon,  makes  the  calculation  of  thrust 
chamber  wall  cooling  by  impinging  spray  very  uncertain  if  based  upon  low  wall 
temperature  data. 

This  fact,  together  with  the  inconclusive  experimental  spray  heat  transfer  data 

4. 

obtained  in  this  project  has  resulted  in  the  removal  of  the  explicit  spray  cooling 
mechanism  from  the  BLEAT  theoretical  model  and  its  replacement  with  a  simplex 
definition  of  adiabatic  wall  temperature  and  net  film  coefficient  in  the  3D- 
Cf&MBUST  zone  of  the  thrust  chamber. 

Heat  Transfer  Model 

In  the  3D-C0MBUST  zone,  the  model  assumes  that  the  re-circulation  region  of 
Fig.  1  is  followed  by  a  wall  attachment  point  where  the  local  heat  transfer 
coefficient  is  controlled  by  an  injection  Reynolds  number  according  to  Sq,  77  . 

The  attachment  point,  z^,  is  assumed  to  occur  when  the  average  axial  gas  velocity 
exceeds  the  average  axial  spray  velocity.  Because  of  the  drag  forces  appearing 
in  the  z-momentum  relation  for  the  gas  (Eq.  16  ),  gas  is  drawn  inco  the  dense 

portions  of  the  spray  field  upstream  of  z^.  Ibwever,  downstream  of  z^,  the  gas 
generated  in  the  regions  of  high  spray  density  must  spread  rapidly  over  the 
entire  chamber  cross  section  for  the  chamber  pressure  field  to  be  one- dimensional 
as  assumed  in  the  3D-C0MBUSI  model.  The  attachment  point  must  also  be  the 

*  See  pages  197-202. 
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axial  location  at  which  an  adverse  pressure  gradient  becomes  a  favorable  pressure 
gradient.  The  acceleration  of  the  average  axial  gas  velocity  due  to  the  high 
rate  of  vaporaization  in  the  3D-C0MBUST  zone  is  assumed  to  establish  the  boundary 
layer  quickly.  Accordingly,  the  high  heat  transfer  coefficient  at  the  attach¬ 
ment  point  is  reduced  over  the  3D-CS6MBUST  region  (usually  only  1-2  inch)  to 
the  film  coefficient  calculated  by  means  of  the  E lliot- Bar tz- Silver  analysis 
for  the  STRMTB  downstream  region  of  Fig.  1.  Film  coefficients  in  the  3D- COMBUST 
region  are  therefore  calculated  by  a  linear  interpolation  between  the  value  of 

h  at  Che  attachment  point  and  the  value  of  h  at  the  start  of  the  STRMTB  region 
S  o 

where  the  attachment  enhancement  to  heat  transfer  is  assumed  to  have  disappeared. 


For  application  in  the  BLEAT  program,  the  Nusselt  number  representation  of  the 
heat  transfer  coefficient  given  by  Eq.  77  is  modified  to  a  Stanton  number 
correlation  to  eliminate  the  need  to  evaluate  combustion  gas  thermal  conductivity. 
By  definition 


St  * 


Nud 


Rec  Pr 


therefore,  Eq.  77  can  be  replaced  by 

Nun  Re-*67  _  - 

gt-  =  _ 5 _  —  r  - — -  pr 

ReDPr  ^  **  ( 78  > 

Heat  transfer  coefficients  at  the  attachment  point  are  calculated  from  Eq.  7S 
and  Eq.  74  -  The  injection  Reynolds  number  employed  in  Eq.  77  is  obtained 

from  the  general  definition  for  a  pipe  flow  system. 

„  4A  W  4W 

Re  =  rr*  — t—  =  — ~ 

P  A  jj.P 

For  an  injector  with  weight  flow  rates,  and  W^»  of  fuel  and  oxidizer, 
respectively,  the  injection  Reynolds  number  becomes 
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4(W,  +  h*,) 

Da  -  x _ ~ 

S  -  ug(PL  ♦  P2)  C 79) 

In  £q.  79  ,  Pj  is  the  perimeter  of  all  the  fuel  orifices,  P?  is  the  perimeter 
of  all  the  oxidizer  orifices,  and  y  is  the  combustion  gas  viscosity.  For  lack 
of  sufficient  attachment  point  heat  transfer  data  in  thrust  chambers,  the 
coefficient  is  defined  as  0.24,  the  value  which  fits  the  data  of  Ref.  24 
and  25.  For  liquid  injection  into  a  combustion  gas  environment,  this  is  obviously 
an  oversimplification  and  an  appropriate  empirical  value  must  eventually  be  defined. 

The  adiabatic  wall  temperature  is  defined  by  the  relation 
pd2TSAT,l  +  pd2TSAT,2  +  PgTg 

tak=  pdi  *  Pd'2  *  rs  (80) 

Equation  80  amounts  to  the  assumption  that  the  local  effective  temperature  for 
calculation  of  heat  transfer  is  equal  to  the  temperature  of  a  gas  flow  whose 
er.thalp>  potential  is  equal  to  the  mean  enthalpy  of  the  two-phase  gas  mixture*. 

In  the  present  formulation  of  BLEAT,  the  effects  of  radial  gas  velocity  and 
spray  cooling  are  now  contained  only  implicitly.  The  attachment  of  a  flow 
scream  downstream  of  a  step  change  in  cross-sectional  area  is  necessarily 
accompanied  by  a  radial  velocity  component;  however,  it  is  the  turbulence 
carried  by  the  radial  velocity  rather  than  the  radial  velocity,  itself,  that 
determines  the  heat  transfer.  Similarly,  although  spray  cooling  film 
coefficients  are  no  longer  explicitly  calculated,  the  calculated  heat  transfer 
is  affected  by  the  reduction  in  the  definition  of  adiabatic  wall  temperature 
due  to  the  presence  of  an  evaporated  spray. 


*The  heats  of  vaporization  of  the  liquid  propellants  are  ignored. 
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HEAT  FLUX 


Local  beat  flux  to  the  chamber  walls  is  calculated  by  the  standard  definition 

o'A  =  hg 

for  an  assumed  gas-side  wall  temperature,  T^  REF*  which  is  supplied  by  the 

BLEAT  user  as  input  data.  (If  no  value  of  is  assigned,  by  the  user,  the 

program  assigns  the  value  of  to  it  and  then  calculates  the  zero  heat  flux 

condition  which  is  approximately  true  for  ablative  systems').  The  overall  heat 

load  to  the  chamber  walls  is  then  calculated  by 

z*  9 

QT0T  =A9  J  f  (q^A)a,0  Az, 9  dz  d9- 

O  0 

Tne  integration  is  made  numerically  by  summation  of  local  heat  fluxes  and  local 
areas  defined  by 


A  =  rTT  a0Az 

*.8  H2 

over  all  the  wall  mesh  points. 

COMPUTER  PROGRAM 

A  flow  chart  of  the  BLEAT  computer  program  logic  is  shown  in  Fig.  52  .  The 

program  structure  consists  of  MAIN,  the  calling  program,  the  major  subroutines 
DTIN  and  DT0UT  that  ,  respectively,  read  the  input  data  and  write  out  the  cal¬ 
culated  results,  the  function  Y0F  and  subroutine  ITSF2  which  look  up  the 
physical  properties  of  the  propellants  and  combustion  gas  as  functions  of 
pressure,  mixture  ratio,  and  Mach  number;  the  sub-routine  LOCATE  and  function 
XITRP  used  within  ITRF2  and  finally  the  sub-routine  TIME,  which  records  the 
machine  time  required  for  the  various  steps  of  the  BLEAT  program.  BLEAT  is 
dimensioned  to  define  local  heat  transfer  parameters  at  a  total  of  120  wall  mesh 
points.  Ninety  of  these  mesh  points  can  incorporate  the  effects  of  transverse 
gas  velocities  and  spray  cooling. 
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Input  Data 


Input  data  to  the  boundary  layer  program  consists  of: 

1.  The  definition  of  the  wall  mesh  point  system,  including  the  total 
number  of  wall  mesh  points,  the  number  of  wall  mesh  points  that  will 
receive  input  from  the  3D-C0MEUST  program  and  the  number  of  wall  mesh 
points  at  each  axial  station. 

2.  Gas  temperature,  mixture  ratio,  and  density;  spray  evaporation  rates 
and  the  three  gas  and  droplet  velocity  components  at  each  wall  mesh 
point 

3.  Tables  of  saturation  temperature,  heat  of  vaporization,  and  vapor 
specific  heat  for  the  propellants  as  functions  of  pressure 

4.  Tables  of  specific  heat  ratio,  viscosity,  and  specific  heat  of  the 
combustion  gas  as  functions  of  mixture  ratio 

5.  Tables  of  the  mole  fractions  of  H^O,  C02»  and  in  the  combustion 
gas  as  functions  of  the  combustion  gas  mixture  ratio  and  Mach  numbers 

6.  Assigned  values  for  C^,  2^,  and 

Host  of  the  input  data  to  BLEAT  are  supplied  directly  as  decks  of  punch  card 
output  supplied  directly  from  the  3D- COMBUST  and  STRMTB  programs. 

Computer  Calculations 

Based  on  the  input  data  and  the  subprograms,  the  program  first  calculates 
required  gas  and  liquid  properties  as  a  function  of  mixture  ratio  and  pressure. 
Calculated  properties  include  the  mole  fractions  of  H^O,  CO^,  and  H^.  The  hot- gas 
heat  transfer  coefficient  and  the  adiabatic  wall  temperatures  are  calculated  in 
the  upstream  and  downstream  regions.  Finally,  local  heat  fluxes  and  the  integrated 
chamber  heat  load  are  calculated. 
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BLEAT  Output 


The  printed  output  from  BLEAT  consists  of  four  tabular  arrays,  the  first  of 
which  contains  a  listing  of  all  the  input  data.  The  second  table  gives  the 
attachment  plane  heat  transfer  data.  The  third  table  of  calculated  data 
contains  the  local  adiabatic  wall  temperatures,  combustion  gas  heat  transfer 
coefficients  and  local  heat  fluxes,  together  with,  the  coordinates  (r,  0,  z) 
of  each  of  the  wall  mesh  points.  The  last  table  gives  local  values  of  pressure, 
gas  temperature,  mixture  ratio,  axial  gas  velocity,  gas  specific  heat,  and  the 
mole  fractions  of  H20,  COj  and  H2  in  the  gas  at  each  mesh  point. 
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EXPERIMENTAL  studies 


INTRODUCTION  AND  SUMMARY 


The  objectives  of  the  experimental  program  were  threefold.  One  objective  was  to 
obtain  data  necessary  to  extend  the  range  of  empirical  coefficients  for  relations 
already  incorporated  into  the  various  computer  programs  of  the  Injector/Chamber 
Compatibility  analysis,  particularly  the  LISP  program.  The  second  objective  was 
to  explore  certain  mechanisms  such  as  recirculatory  flows  and  impinging  spray 
heat  transfer,  the  effects  of  which  have  been  incorporated  into  the  various  analy¬ 
tical  models,  although  these  mechanisms  are  as  yet  only  poorly  understood.  The 
third  objective  was  to  support  in  a  general  way  the  development  of  the  IHTM  in¬ 
jector  face  heat  transfer  analysis,  providing  both  empirical  heat  transfer  data 
and  a  general  verification  of  assumed  relations  between  heat  transfer  and  such 
parameters  as  chamber  pressure,  injection  velocity,' etc.  Because  of  the  wide 
range  of  the  objectives,  they  could  necessarily  be  pursued  in  only  limited  depth 
within  the  scope  of  the  overall  investigation. 

The  experimental  program  can  be  subdivided  into  three  phases.  The  first  phase 
consisted  of  a  series  of  cold- flow  experiments  with  either  single  elements  or 
complete  injectors.  The  purpose  of  the  single  element  tests  was  to  obtain  spray 
distribution  data  for  the  unlike  doublet,  the  triplet,  and  the  HIPERTHIN  like 
doublet  elements.  The  cold- flow  tests  with  multielement  injectors  were  performed 
to  determine  the  extent  to  which  liquid  spray  accumulates  on  chamber  walls  near 
the  injector  and  to  establish  the  occurrence  of  recirculatory  gas  flows  between 
the  spray  fans  of  conventional  liquid  injector  elements.  The  second  phase  con¬ 
sisted  of  a  series  of  model  motor  firings  whose  purpose  was  to  obtain  injector 
face  heat  transfer  data  plus  data  describing  the  variation  of  chamber  pressure 
with  distance  from  the  injector  through  the  combustion  chamber.  The  objective 
of  the  chamber  pressure  profile  measurements  was  to  establish  the  propellant 
vaporization  rate  through  the  chamber,  particularly  in  the  region  close  to  the 
injector.  The  third  phase  consisted  of  a  series  of  impinging  spray  heat  transfer 
measurements  performed  in  open  air  with  an  electrically  heated  strip  and  either 
water  or  the  ^0^/50%  -  50%  UDMH  propellant  combination.  The  purpose  of 

these  experiments  was  to  determine  the  effectiveness  of  liquid  spray  impingement 
for  chamber  wall  cooling. 
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COLD  FLOW  EXPERIMENTS 


TEST  FACILITY 

Cold  flow  experiments  to  determine  the  spray  distribution  characteristics  of 
both  single  injection  elements  and  multi- element  injectors  were  performed  in  a 
facility  developed  for  this  purpose  at  the  Propulsion  Research  Area  of  the 
Rocketdyne  Santa  Susana  field  laboratory.  In  this  facility,  non  reactive 
immiscible  propellant  simulants  sprayed  from  the  injector  model  are  collected 
by  a  matrix  of  square-ended  tubes.  The  spray  collected  by  each  tubs  flows  on 
into  individual  glass  tubes  where  the  separation  of  the  immiscible  fluids  into 
layers  permits  a  direct  volumetric  measurement  of  spray  mass  and  mixture  ratio 
distributions. 

A  schematic  representation  of  the  flow  system  is  shown  in  Fig.  53  .  The 

propellant  simulants,  water  and  trichloroethylene,  are  pushed  by  high  pressure 
nitrogen  gas  from  their  separate  supply  tanks  through  turbine  flowmeters,  filters, 
and  shutoff  valves  to  the  model  injector.  High-speed  shutters,  which  deflect 
the  spray  away  from  the  collector  until  steady- flow  conditions  are  obtained, 
are  located  between  the  injector  and  collector  matrix  to  reduce  the  errors  due 
to  start  and  stop  transients.  The  shutters  are  pneumatically  operated  and  have 
an  opening  and  closing  travel  time  of  200  milliseconds.  Two  shutters  are 
employed  which  ntove_  in  opposite  directions  to  reduce  the  error  bias  introduced 
by  the  shutter  opening  and  closing. 

The  spray  collector  matrix  is  formed  by  841  square- entrance  stainless  steel 
tubes  in  a  7-3/4-inch  square  array  with  29  tubes  on  each  side.  Photographs 
of  this  spray  distribution  sampling  system  are  shown  in  Fig.  54  .  Each  of  the 
stainless  steel  tubes  is  connected  to  a  separate  glass  tubular  receptacle 
mounted  in  a  collector  rack  at  the  base  of  the  apparatus.  Each  of  these  glass 
tubes  (receptacles)  will  hold  685  milliliters  of  liquid. 
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Figure  54  Cold  Flow  Mass  Distribution  Facility- 
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The  middle  photograph  in  Fig.  54  shows  the  collection  grid  consisting  of  the 
29  x  29  array  of  1/4- inch- diameter  x  .020- inch-wall- thickness  tubes  which  have 
been  swaged  to  a  .265- inch- square  cross  section.  The  lower  photograph  shows 
the  pneumatically  operated  shutter  arrangement  over  the  collection  grid. 

The  injector  model  to  be  tested  is  mounted  above  the  face  of  a  collector 
sampling  grid,  and  is  oriented  so  that  its  spray  axis  is  vertical.  The  spray 
of  simulated  propellants  from  the  injector  is  then  intercepted  at  each  individual 
sampling  station  and  directed  to  individual  collector  tubes.  The  height  of  the 
injector  above  the  collection  plane  is  adjusted  from  1  to  4  inches  to  get  the 
maximum  differentiation  of  the  mass  flux  distribution  while  keeping  the  spray 
within  the  boundaries  of  the  collector. 

Because  trichloroethylene  and  water  are  immiscible  and  have  substantially 
different  specific  gravities,  they  quickly  separate,  and  determination  of  the 
volume  of  each  simulant  can  be  easily  made.  To  facilitate  this  determination, 
the  trichloroethylene  is  dyed  with  duPont  No.  885,  a  red  dye  which  is  soluble 
in  oil  but  insoluble  in  water.  The  liquid  collected  in  each  tube  is  poured 
into  graduated  cylinders  and  the  volume  of  trichloroethylene  and  total  liquid 
volume  are  read  and  recorded. 

The  collector  matrix  as  shown  in  the  middle  photograph  of  Fig.  54  was  used 
for  conventional  planar  sampling  experiments,  i.e.,  for  determination  of  mass 
and  mixture  ratio  distribution  in  a  given  plane  some  distance  downstream 
of  the  injector  face.  For  experiments  performed  to  determine  the  radial  spray 
flux  which  impinges  upon  chamber  walls  immediately  downstream  of  given  injector 
configurations,  the  collection  system  was  modified  to  incorporate  the  spray 
sampling  tray  shown  in  Fig.  55  and  56  .  Flexible  Tygon  tubing  was  used  to 
carry  the  spray,  collected  in  nine  10-degree  collector  trays  and  three 
90-degree  collectors  around  the  injector, to  glass  tubes  in  the  rack  shown  in 
Fig.  57  . 
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For  cold  flow  experiments  performed  to  demonstrate  that  gas  recirculation  between 
injector  spray  fins  could  be  driven  by  the  aspirating  effects  of  dense  spray 
jets,  the  test  injectors  were  mounted  in  the  system  of  Fig.  53  and  54  . 

A  Lucite  shroud  with  a  diameter  of  3. 75- inch  and  a  length  of  2.0- inch  was 
bolted  to  the  injector  face  to  Insure  that  gas  aspirated  into  the  spray  jets 
were  supplied  by  recirculation  between  the  jets  rather  than  a  base  bleed  across 
the  injector  face. 

COLD  FLOW  HARDWARE 

Cold  flow  tests  were  performed  with  both  single  element  injection  models  for 
determination  of  LISP  equation  spray  coefficients  and  with  the  multi- element 
injectors  used  in  the  model  motor  firing  experiments  of  both  the  previous 
Injector/ Chamber  Compatibility  project  (Ref,  1)  aftd  the  current  program.  The 
latter  multi- element  experiments  were  performed  either  to  determine  radial 
spray  fluxes  or  spray- driven  gas  recirculation. 

Single  Element  Models 

Four  single  element  injector  models  were  employed  in  the  cold  flow  experiments 
including  one  unlike  doublet,  one  triplet,  and  two  HTPERXHIN  like  doublet 
configurations.  The  unlike  doublet  and  triplet  models  were  fabricated  from 
lengths  of  stainless  steel  tubing  and  standard  AIT  flared  tube  fittings  clamped 
into  the  adjustable  workhorse  jig  assembly  shown  schematically  in.  Fig*  58. 
Pertinent  dimensions  of  the  elements  are  listed  below: 

Doublet  Triplet 


Water  Orifice (s)  diameter  (inch) 

0.085 

0.085 

Trichlor  orifice  diameter  (inch) 

0.132 

0.132 

Diameter  ratio 

1.55 

1.55 

Orifice  L/D  (water) 

20 

20 

Orifice  L/D  (Trichlor) 

13 

13 

Impingement  angle  (deg,) 

60 

60 
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A  photograph  of  a  cold  flew  with  the  triplet  hardware  is  shown  in  Fig.  59  . 

The  two  H IPERTHIN  like  doublet  models  were  fabricated  from  mating  steel  blocks 
in  accordance  with  the  specifications  presented  in  Fig.  60  .  Each  element 
basically  consisted  of  two  rectangular  orifices  (either  . 004-inch  x  .0185-inch 
or  . 008-inch  x  . 0185-inch)  edge -impinging  at  60  degrees  along  a  plane  parallel 
to  the  long  sides  of  the  orifices. 

Multi-Element  Injectors 

Four  multi-element  injectors  were  employed  in  the  cold  flow  experiments  per¬ 
formed  to  determine  radial  spray  fluxes.  They  included: 

ICCI,  a  7 2- element  like  doublet  injector  designed  to  provide  mixture 
ratio  bias,  and  whose  detailed  configuration  is  presented  in  Fig.  67  and 
84  of  Ref.  1. 

ICC2,  an  8- element  unlike  doublet  injector  with  essentially  the  same 
specifications  as  injector  ICC2A  described  in  Fig.  64  of  this  report. 

ICC3,  an  18- element  triplet  injector  whose  specifications  are  presented 
in  Fig.  69  and  86  of  Ref.  1. 

ICC4,  a  16-element  like- doublet  pair  injector  whose  specifications  are 
presented  in  Fig.  71  and  81  of  Ref «< 1.  Injector  ICC4  was  cold  flowed 
both  with  and  without  a  three-b laded  baffle. 

The  two  injectors,  ICC2A  and  ICC6,  which  were  cold  flowed  to  investigate 
gaseous  recirculation  are  described  in  the  model  motor  firing  hardware  section 
of  this  report. 
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Figure  5?  Single  Element  Workhorse  Injector 
During  Triplet  Cold  Flov  Experiment 
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TEST  PROGRAM  AND  RESULTS 


Single  Element 

Initially,  three  cold  flow  mass  distribution  tests  were  performed  with  each  of 
the  single  element  unlike  doublet  and  single  element  triplet  models  described 
above.  Test  conditions  and  results  are  summarized  as  Runs  501-506  of  Table  7 
The  purpose  of  these  experiments  was  to  generate  data  for  determining  LISP  spray 
coefficients;  therefore  the  tests  spanned  a  much  wider  range  of  momentum  ratio 
than  would  ordinarily  be  employed  for  mixing  optimization.  As  a  consequence, 
the  Rupe  mixing  indices  shown  in  Table  7  for  most  of  the  experiments  are  low. 
However,  examination  of  the  collected  spray  histograms  indicated  that  not  only 
was  poor  mixing  being  Obtained,  but  the  sprays  were  not  symmetric  as  assumed  in 
the  LISP  correlation.  Part  of  the  observed  symmetry  was  traced  to  inadequately 
controlled  impingement  with  the  fans  being  particularly  sensitive  to  very  slight 
misalignments  at  the  non-optimum  momentum  ratios.  Because  new  reliable  mass 
distribution  data  were  particularly  needed  for  Che  triplet,  five  additional  cold- 
flow  tests  (Runs  521-525  of  Table  7  )  were  performed  in  which  the  extreme 

momentum  ratios  were  avoided  and  extra  care  was  taken  to  provide  the  best  possible 
impingement.  Fan  symmetry  was  considerably  improved. 

The  spray  mass  distribution  results  were  incorporated  with  other  available  data 
to  correlate  LISP  spray  coefficients  as  described  in  the  Analytical  Developments 
section  of  this  report. 

Radial  Spray  Flux 

The  cold  flow  experiments  were  performed  to  determine  the  spray  which  impinges 
upon  chamber  walls  in  the  first  0.75-inch  downstream  of  the  injector  face  for  the 
four  multi- element  injectors  employed  in  the  previous  Injector/ Chamber  Compati¬ 
bility  project.  These  cold  flows  were  performed  at  flow  rates  and  simulant 
mixture  ratios  equialent  to  the  operation  of  the  injectors  at  a  chamber  pressure 
of  200  psia  and  nominal  overall  mixture  ratios  of  1.2  and  1.6  for  the  ^0^/50%  UDMH 
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TABLE  7  SUMMARY  OF  SINGLE  ELEMENT  COLD  FLOW  EXPERIMENTS 

PERFORMED  TO  DETERMINE  MASS  DISTRIBUTION  CHARACTERISTICS 
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propellant  combination.  The  cold  flow  conditions  therefore  modeled  the  conditions 
at  which  most  of  the  motor  firings  of  the  previous  project  had  been  performed. 

The  purpose  of  the  experiments  was  to  determine  whether  a  sufficient  amount  of 
spray  was  impinging  upon  the  chamber  walls  close  to  the  faces  of  the  injectors 
tested  to  account  for  the  low  upstream  adiabatic  wall  temperatures  measured  in 
the  motor  firings  described  in  Ref.  1.  Based  upon  mass  balances  during  cold 
flow  tests  and  upon  visual  observations  of  multi- element  injector  cold  flows, 
estimates  of  spray  back  wash  in  excess  of  5  percent  of  the  main  propellant  flow 
have  been  made.  The  results  of  the  current  cold  flow  tests  were,  therefore, 

very  surprising  in  that  they  indicated  that  negligible  amounts  of  Spray  were 

impinging  upon  the  near- injector  walls  of  the  chamber. 

The  results  of  the  radial  spray  experiments  are  summarized  in  Table.  8  . 

Tne  experiments  show  that  the  radially  directed  spray  near  the  injector  was 
never  greater  than  0.6  percent  of  the  total  propellant  flow  and  was  ordinarily 
less  than  0.1  percent  of  the  total  flow.  The  higher  amounts  of  radial  spray 
were  associated  with  the  baffled  injector  1CC4  and  with  the  72-element  like 
doublet  injector  XCC1  which  contained  an  outer  ring  of  24  fuel  elements  close  to 
the  chamber  wall.  As  shown  by  a  comparison  of  the  data  in  the  last  two  columns 
of  Table  8  ,  the  radial  spray  flux  varied  substantially  around  the  circum¬ 
ference  of  the  collector  spray;  however  the  collected  radial  mass  was  always  a 
negligible  part  of  the  overall  flow.  These  experimental  results  agree  with 

the  predictions  of  the  LIS?  p  rogram  for  the  same  region. 

From  the  results  of  the  radial  spray  cold  flow  experiments,  it  was  concluded  that 
the  amount  of  spray  impinging  directly  upon  chamber  walls  very  close  to  the 
injector*  was  negligible  relative  to  the  main  flow.  Therefore,  even  if  this 
small  amount  of  spray  is  an  important  factor  in  the  adiabatic  wall  temperature 
distribution,  the  uncertainty  in  defining  the  density  and  mixture  ratio  of  this 
small  fraction  of  the  total  spray  by  means  of  the  LISP  computer  program  precludes 
use  of  near- injector  spray  impingement  as  the  basis  of  a  wall  temperature 
calculation. 

*  Unless  the  thrust  chamber  is  designed  specifically  for  liquid  spray  cooling. 
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1 A  JILL  8  RESULTS  OF  RADIAL  SPRAY  SAMPLING  EXPERIMENTS 
WITH  MULTI-ELEMENT  INJECTORS 


<  u 

CS  ZJ 

~  —  (/) 
O  VJ  XCM 

5^3.5 

«  <  U.  -V. 

<  ~l 

.0005 

.0033 

.0033 

0.0 

.0002 

.0003 

0.0 

0,0 

.0008 

.0008 

MAXIMUM 

RADIAL  SPRAY 
FLUX 

? 

lb  /in  sec 

.006 

.015 

.006 

0.0 

.0005 

.0005 

0,0 

0.0 

.0012 

.0013 

MIXTURE  RATIO 
OF  COLLECTED 
PROPELLANT 

- - - - - - - 

^  O  CNJ  vO  \C 

d  -  -  ;  -  o  ,  ,  -  ® 

ES 

s 

|§  8 

<  U  g 

r>OtJ 

OS  o 
eu  u 

|  S  8  S3  g  ft 

°  o  o  §  g  o  o  S  § 

a  o  o 

TOTAL 
PROPELLANT 
FLOW  RATE 

11)  /sec 
m 

5.28 

5,12 

5.11 

5.43 

5.05 

5.07 

5.11 

5.14 

5.10 

5.16 

INJECTOR 

- - __ 

^  o 

a  aj 

*“*  ^ 

£  3 

<8 

«  -  _  c 

5  o*o  r?  n  1-4  ^ 

h-»  y  “  u  CJ  y  U 

1-4  M  M  M  w 

RUN 

511 

511A 

512 

513 

514 

515 

516 

517 

518 

519 

164 


H I PERTH IX- L IKE  DOUBLET 


Three  sets  of  cold  flow  experiments  were  performed  with  the  HIPERTHIN  element 
shown  in  Fig.  60.  Six  spray  mass  distribution  experiments  were  performed  over  an 
injection  velocity  range  of  54  to  ?2  ft/sec  with  the  spray  sampled  at  a  distance 
of  either  1.0-  or  2.0- inch  downstream  of  the  element  impingement  point.  The  re¬ 
sults  of  these  experiments  and  their  correlation  to  the  LISP  distribution  formula 
(Eq.  5b)  are  discussed  in  the  Analytical  Developments  Section  (pp.  60-65). 

Because  the  liquid  fans  formed  by  the  HIPERTHIN  element  were  so  narrow,  essentially 
all  mass  was  collected  in  a  single  row  of  spray  sampling  matrix.  The  definition  of 
the  corresponding  LISP  spray  coefficient  b  was  essentially  impossible  under  these 
circumstances;  therefore,  an  additional  set  of  experiments  was  made  to  further 
clarify  the  thickness  of  the  liquid  film.  In  these  experiments,  a  No.  61  drill 
CO. 039-inch  diameter)  was  placed  beside  the  fan  as  a  reference  and  photographs 
were  taken.  A  special  sampling  device  consisting  of  a  small  inclined  chute  was 
also  improvised  and  three  mass  distribution  samples  were  taken  with  the  upper  end 
of  the  chute  being  moved  in  and  out  of  the  fan  and  spray  being  collected  at  the 
lower  end  of  the  chute.  When  the  sampling  rig  was  5/52  (.094-inch)  from  the  cen¬ 
ter  of  the  fan,  the  collected  mass  fell  to  a  single  drop  over  a  70-second  collec¬ 
tion  period.  This  result  was  compared  to  the  photographs  of  the  fan  and  adjacent 
drill,  tfitnin  the  resolution  of  the  two  techniques,  the  total  thickness  of  the 
HIPERTHIN  spray  fan  was  determined  to  be  less  than  0. IS -inch. 


Gas  Re-Circulation 

An  exploratory  set  of  cold  flow  experiments  was  performed  to  verify  that  spray 
jets  do  induce  re-circulation  as  assumed  in  the  injector  face  heat  transfer  model. 

In  these  experiments,  a  iucite  plastic  shroud  was  attached  to  unlike  doublet  in¬ 
jector  ICC2A  (Fig.  64)  and  triplet  injector  ICC6  (Fig.  66),  and  the  injectors  were 
then  water  flowed.  The  plastic  shroud,  which  was  2.0-inch  long,  insured  that  the 
air  aspirated  into  the  injector  element  spray  jets  must  be  replaced  by  re-circulation 
rather  than  a  base  flow  across  the  injector  face.  Total  pressure  probes  or  pitot 
tubes  were  mounted  at  eight  locations  on  the  injector  face  together  with  two 
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additional  probes  adjacent  to  the  shroud  walls  at  distances  of  0.50  and  1.00-inch 
downstream  of  the  injector.  The  total  pressure  probes  were  positioned  with  their 
ram  sensing  ports  open  to  reverse  flows  and  were  referenced  to  flush  mounted  pressure 
taps  in  the  shroud  walls.  Pressure  differences  were  measured  with  an  inclined 
manometer. 

Tests  were  run  at  injection  velocities  of  108  to  200  ft/sec  with  the  doublet  in¬ 
jector  ICC2A.  Depending  on  the  locations,  both  positive  and  negative  momentum 
pressure  drops  were  measured.  A  positive  pressure  drop  was  interpreted  as  a 
reverse  flow.  A  negative  pressure  drop  was  interpreted  as  the  base  pressure  behind 
a  trailing  surface,  i.e.,  as  the  indication  of  flow  away  from  the  injector. 

Reverse  flows  were  measured  at  three  locations  on  the  injector  face  and  at  the 
probes  next  to  the  shroud  walls.  The  momentum  pressure  drops  on  the  injector  face 
were  weak;  however,  near  the  shroud,  a  re-circulation  air  velocity  of  -35  ft/sec 
was  measured  at  a  water  injection  velocity  of  108  ft/sec  and  an  air  velocity  of 
-65  rt/sec  was  measured  at  an  injection  velocity  of  165  ft/sec.  A  satisfactory 
calibration  of  the  base  pressure  response  of  the  probes  to  positive  gas  velocities 
was  not  obtained;  therefore  the  magnitude  of  the  positive  air  velocities  was  not 
established. 

Although  the  experiments  were  limited  in  scope  and  did  not  attempt  to  systematically 
map  the  re-circulation  region,  they  indicated  the  existence  of  the  significant 
reverse  flows  required  if  the  injector  heat  transfer  model  is  to  be  physically 
correct. 
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MOTOR  FIRING  EXPERIMENTS 


FACILITY 

The  motor  firing  experiments  made  to  determine  injector  face  heat  transfer  and 
axial  chamber  pressure  profiles  were  performed  on  Pad  3B  of  the  Rocketdyne 
Combustion  and  Heat  Transfer  Laboratory.  A  schematic  of  the  overall  facility 
is  shown  in  rig,  61.  The  general  appearance  of  the  test  stand  as  set  up  for 
a  motor  firing  together  with  a  general  view  of  the  high  pressure  propellant  tank 
system  are  presented  in  rig.  62  and  63  „  Nitrogen  gas  was  employed  both  as 
the  tank  pressuraat  and  as  a  purge  for  the  injector  and  thrust  chamber.  High, 
pressure  water  was  used  to  cool  the  basic  2.15:1  contraction  ratio  nozzle  and 
to  flush  the  fuel  manifold  and  chamber  after  each  firing. 

Experiments  were  controlled  from,  a  concrete  blockhouse  adjacent  to  the  test 
stand.  Propellant  flow  rates  during  a  firing  were  established  by  regulation 
of  the  supply  tank  pressure  and  the  setting  of  adjustable  cavitating  venturis. 
Data  from  the  various  pressure,  temperature,  and  flow  transducers  were  auto¬ 
matically  recorded  through  a  multi-channel  Beckman  digital  voltmeter  system. 

INJECTORS 

Two  injectors,  ICC2A  with  eight  unlike  doublet  elements  and  ICC6  with  twelve 
triplet  elements »  were  used  during  the  motor  firing  experiments.  A  single 
element  unlike  doublet  injector  was  also  fabricated  but  was  never  fired  due  to 
a  revision  in  the  test  program. 

Figure  64  is  a  detailed  drawing  of  the  ICC2A  configuration.  This  injector  is 
essentially  a  re-work  of  the  ICC2  hardware  employed  in  the  previous  Injector/ 
Chamber  Compatibility  project  (Ref.  1)  to  permit  installation  of  heat  transfer 
instrumentation  in.  Che  injector  face.  This  was  accomplished  by  replacement  of 
the  conventional  fuel  dome  with  a  single  0.625-inch  diameter  tubular  downcomer. 
The  downcomer  terminated  in  a  small  cross-shaped  manifold  milled  in  the  back  of 
the  injector  and  sealed  by  a  similarly- shaped  welded  cover  plate.  This  manifold 
fed  fuel  to  the  required  eight  injector  orifices  but  opened  the  original  dome 
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Figure  61  Pad  3B  Test  Stand  for  Storable  Propellant  Motor  Firing  Experiments 


■Propellant 
Feed  Lines 
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space  to  the  installation  of  eight  probes  for  measurement  of  either  heat  flux 
or  gas  temperature  at  the  radial  and  angular  locations  tabulated  in  Fig.  64. 
The  arrangement  of  the  heat  transfer  instrumentation  in  the  dome  space  at  the 
back  face  of  injector  ICC2A  is  shown  in  Fig.  65. 

The  12-element  triplet  injector  ICC6  configuration  is  shown  in  Fig.  66. 

Because  of  the  unusual  space  requirements  imposed  by  the  need  to  bring  heat 
transfer  instrumentation  from  the  back  side  of  the  injector  through  to  the 
injector  face,  an  offset  ring  manifold,  from  which  twelve  separate  tubular 
feed  passages  led  to  the  oxidizer  orifices,  was  incorporated  into  the  design. 

A  photograph  of  this  novel  manifolding  arrangement  together  with  the  heat 
transfer  instrumentation  which  it  permitted  is  shown  in  Fig.  67. 

The  design  of  ICC 6  was  unusual  in  that  it  intentionally  utilized  very  high 
oxidizer  injection  velocities,  i.e»,  velocities  of  100-200  ft/sec  and  higher. 
This  was  done  to  produce  an  exaggerated  spray/ gas  drag  and  hence  (according  to 
the  analytical  model)  high  recirculation  and  injector  face  heat  transfer  for 
evaluation  of  empirical  coefficients.  Although  the  desired  high  heat  transfer 
response  was  obtained,  the  extreme  injection  velocities  were  probably  also 
partly  responsible  for  the  unusual  chamber  pressure  profiles  obtained  with  the 
injector. 


THRUST  CHAMBER  HARDWARE 

Motor  firings  were  made  in  the  workhorse  combustor  assembly  utilized  in  the  pre¬ 
vious  Injector/ Chamber  Compatibility  project  (Ref.  1).  The  chamber  consisted  of 
either  one  or  two  3.72-inch  ID  by  S. 0-inch  long  copper  heat  sink  liners.  Tests 
were  made  at  three  contraction  ratios.  A  2.15:1  contraction  ratio  nozzle  segment 
was  the  sane  water-cooled  section  used  in  the  previous  Injector/Chamber  Compati¬ 
bility  project.  The  configurations  of  two  uncooled  copper  heat  sink  nozzle  seg¬ 
ments  with  contraction  ratios  of  1.045:1  and  4.3:1  are  shown  in  Fig.  68  and 
Fig.  69,  respectively. 
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Figure  65  Backvall  View  of  Injector  ICC2A  with  Heat  Transfer 
Instrumentation 
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Figure  67  Badcwall  View  of  Triplet  Injector  XCC6 
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lugure  68  Low  Contraction  Ratio  Copper  Heat  Sink  Nozzle 


I  MSTRU>ESTAX  ION 


Ha  at  Flux  Transducers 


Economical  measurement  of  local  injector  face  heat  fluxes  in  short  duration 
nodal  no tor  firings  required  the  development  and  manufacture  of  a  small  fast 
response  heat  flux  transducer.  The  difference  thermocouple  probe  illustrated 
schematically  in  Fig.  70  ,  which  was  manufactured  by  press  fitting  two  sheathed 

constantan  leads  inside  a  slender  copper  plug  and  had  been  used  successfully  for 
measuring  chamber  wall  heat  flux  in  the  previous  Injector/ Chamber  Compatibility 
project  (Ref.  1,  pp  203-208),  provided  the  basis  for  a  transducer  design.  How¬ 
ever,  because  the  previous  design  did  not  lend  itself  to  an  economical  volume 
production  and  because  external  instrument  lead  attachment  had  been  a  problem, 
development  of  a  new  design  based  upon  e'lectroforming  OFHC  copper  to  the  bared 
ends  of  a  pair  of  sheathed  constantan  Leads  was  attempted.  Two  designs  were 
utilized. 

Tne  first  design  is  shown  in  Fig.  71  .A  braided  pair  of  sheathed  4. -mil 
constantan  leads  are  threaded  through  a  drilled  copper  body.  The  bared  leads 
are  spaced  approximately  .10- inch  apart.  An  excess  deposit  of  OFHC  copper  is 
slowly  plated  around  the  ends  of  the  leads  and  adjacent  copper  body  and  then 
machined  back  to  the  dimensions  shown  in  Fig.  71  .  At  the  back  surface  of  the 

cooper  transducer  body,  the  small  diameter,  high  resistance  constantan  leads  are 
spot  welded  to  heavier  constantan  leads  and  petted  within  an  epoxy  jacket  for 
strength.  Finally  an  additional  copper  lead  is  spot  welded  to  the  back  surface 
of  the  probe  body. 

The  second  probe  design,  which  is  illustrated  in  Fig.  72  and  73  ,  was  similar 

to  the  first  except  that  thermocouple  leads  are  carried  from  the  rear  of  the 
topper  transducer  body  to  a  pLastic  terminal  block  in  a  rigid  tubular  conduit. 
The  result  was  a  more  rugged  instrument  with  a  reduced  problem  of  external  lead 
breakage  during  installation  and  motor  firings. 
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Constantan  Lead 


With  che  probe  inserted  through  a  wall  and  flush  mounted  at  the  heated  face, 
measurement  of  heat  flux  by  the  transducer  is  based  upon  the  difference  in 
EMF  between  the  spaced  ends  of  the  two  constantan  leads.  Together  with  the 
intervening  copper,  they  act  as  a  difference  thermocouple  to  sense  the  thermal 
gradient  introduced  by  a  heat  flux  passing  along  the  probe.  Under  steady  state 
conditions,  heat  flux  is  defined  by 

, ,  .  dT  ,  AT 

*/A  =  "  k  dX  =  '  *  AX  (81) 


The  thermal  EMF  response  of  a  transducer  is  related  to  Eq.  SI  by  calibration 
against  a  thermal  transfer  standard  plug.  The  calibration  setup  (Fig.  74  ) 

consisted  of  a  heat  source,  the  heat  flux  transducer,  a  thermal  transfer 
standard  and  a  heat  sink  connected  in  series.  The  interface  connections  were 
made  with  soft  solder  via  copper  area  adaptors  and  the  space  surrounding  the 
transducer  insulated  by  radiation  shields.  The  steady- state  heat  flux 
calibration  of  the  first  four  transducers  used  is  shown  in  Fig.  75  .  The 

accuracy  of  this  calibration  technique  depends  upon  transfer  standard  calibra¬ 
tion,  maintaining  steady- state  conditions,  and  minimum  system  heat  loss.  The 
calibration  system  precision  is  estimated  to  be  6-8  percent  for  a  calibration 
standard  accuracy  of  1-2  percent.  The  copper  wire  attached  to  the  back  wall  of 
the  sensor  provides  direct  temperature  measurement  at  the  copper  constantan 
junctions.  The  instantaneous  AT  between  the  constantan  leads  and  the 
transient  temperature  response  of  the  individual  junctions  together  with  the 
analytic  expression  obtained  by  expansion  of  the  conduction  equation 
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Figure  74.  Schematic  of  Heat  Flux  Transducer  Calibration  Apparatus 
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permit  a  calculation  o£  the  transient  heat  flux  at  the  constantan  junction  (lead  1} 

nearest  the  hot  gas  surface.  The  effective  distance  between  lead  1  and  lead  2 
(Ax)  is  defined  by  (1)  the  sensor  dimensions,  (2)  the  thermal  conductivity 
of  copper,  (3)  the  EMF  versus  temperature  relation  for  copper  constantan,  and 
(4)  the  EMF  versus  steady-state  heat  flux  calibration  of  the  transducer. 

Because  of  the  close  proximity  of  lead  1  to  the  heated  surface  of  the  probe, 
it  is  possible  to  employ  the  heat  flux  at  lead  1  defined  by  Eq.  81  as  the 
surface  heat  flux,  even  under  transient  conditions. 

Although  the  operation  of  the  calibrated  heat  flux  transducers  during  actual 
model  motor  firings  was  satisfactory,  the  rejection  rate  during  manufacture 
was  unexpectedly  high,  primarily  due  to  cracks  which  developed  in  the 
electro deposited  copper  during  machining  and  breakage  of  the  constantan  leads 
within,  the  probe  during  either  the  electroforming  or  machining  processes.  As  a 
consequence,  a  sufficient  number  of  transducers  were  not  available  during  the 
model  motor  firing  program  to  thoroughly  map  the  injector  face  heat  flux  profile. 

Gas  Temperature  Measurements 

In  addition  to  measurements  of  injector  face  heat  flux,  a  limited  number  of 
combustion  gas  temperature  measurements  were  made  by  tungsten-57,  rhenium/ tungsten- 
267,  rhenium  thermocouple  probes  inserted  through  the  injector.  Measurements 
were  first  attempted  with  the  bare  junction  tips  a  nominal  0.2-inch  from  the 
injector  face.  The  thermocouples  railed  after  one  or  two  firings,  recording 
almost  instantaneous  temperature  rises  to  .3900-4000  R.  To  extend  the  thermo¬ 
couple  life,  the  probes  were  recessed  into  the  injector  such  that  their  hared 
junctions  were  nominally  flush  with  the  injector  face.  In  this  configuration, 
the  thermocouple  lifetime  was  extended,  but  the  lower  maximum  temperatures 
recorded  during  the  short  duration  firings  together  with  a  rather  sluggish 
rate  of  recorded  temperature  rise  indicated  that  the  thermocouples  were  probably 
within  the  laminar  sublayer  on  the  injector  face.  The  junction  locations  were 
therefore  returned  to  a  distance  of  0.2  inch  from  the  face  and  a  limited  thermo¬ 
couple  lifetime  (and  consequently  a  limited  number  of  gas  temperature 
measurements)  was  accepted.  Repair  of  burned  out  thermocouple  junctions  proved 
impractical. 
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Performance  Measurements 


Measurements  of  chamber  pressure  were  made  with  Tabor  strain  gage  pressure 
transducers  connected  to  pressure  ports  in  the  chamber  walls.  The  locations 
of  the  chamber  pressure  probes  during  the  motor  firing  experiments  with  unlike 
doublet  injectors  ICC2A  and  triplet  injector  ICC6  are  listed  in  Table  9  . 

The  volumetric  propellant  flow  rates  were  measured  with  turbine  flowmeters 
located  in  the  feed  lines  as  shown  in  the  facility  schematic  drawing  Fig.  61  . 
Because  of  problems  encountered  with  flowmeter  response  with  the  corrosive 
propellant  combination,  duplicate  flowmeters  were  installed  in  each  line  to 
increase  measurement  reliability.  Sven  with  this  arrangement,  erratic  readings 
were  encountered,  usually  during  the  first  one  or  two  tests  of  a  motor  firing 
sequence.  Propellant  temperatures  (to  define  liquid  density)  were  measured 
with  thermocouple  probes  immediately  upstream  of  the  flowmeters. 

Chamber  pressure  was  also  recorded  on  a  CEC  oscillograph  to  determine  the 
occurrence,  frequency,  and  approximate  amplitude  of  any  undesireable  chugging 
forms  of  combustion  instability. 
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TABLE  9  CHAMBER  PRESSURE  MEASUREMENT  LOCATIONS 


TEST  PROGRAM  AND  RESULTS 


A  .otal  of  86  model  motor  firings  was  made  with  the  N  0  /50%N  H„-50%UDMH 

2  4  2  4 

propellant  combination  and  the  two  injectors,  ICC2A  and  ICC6.  Test  conditions 
covered  a  range  of  stagnation  chamber  pressures  front  46.6  to  472  psia  and  of 
mixture  ratios  from  0.91  to  1.84,  contraction  ratios  of  1.045,  2,15,  and  4.3, 
and  combustion  chamber  lengths  of  8.0  and  16.0  inches.  The  first  five  firings 
with  injector  ICC2A  were  made  for  system  checkout  purposes  and  the  data  were 
not  analyzed.  Local  injector  face  heat  transfer  was  successfully  measured 
at  three  locations  at  each  injector,  and  chamber  pressure  was  measured  at 
either  five  or  six  axial  stations  along  the  combustion  chamber.  At  the  lowest 
propellant  injection  rates,  the  unlike  doublet  injector,  ICC2A,  was  unstable  and 
several  sets  of  data  were  discarded.  As  might  be  expected,  the  overall 
combustion,  efficiency  *7C*  during  the  motor  firings  showed  a  wide  variation 
with  propellant  flowrate  and  mixture  ratio.  The  poorest  performance  was 
obtained  with  ICC6  at  either  low  chamber  pressures  or  high  mixture  ratios  possibly 
because  of  an  unusually  high  oxidizer  injection  velocity  which  had  been 
incoipprated  into  the  design  for  the  injector  heat  transfer  studies. 

Injector  Face  Heat  Transfer 

The  local  heat  fluxes  measured  during  the  motor  firing  program  at  three 
locations  on  the  face  of  unlike  doublet  injector  ICC2A  are  listed  in  Table  10.* 
The  locations  of  the  transducers,  HF-1 ,  HF-3,  and  EF-5,  are  also  listed  in 


*  Data  obtained  with  two  other  transducers  were  discarded  because  of 
instrumentation  problems. 
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TABLE  10.  SUMMARY  OF  INJECTOR  FACE  HEAT  FLUXES  MEASURED  WITH 
UNLIKE  DOUBLET  INJECTOR  ICC2A 
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*•  Estimated  stagnation  pressure  at  the  throat 

**  Location  of  transudcers  is  presented  as  radius/angular  coordinate^  Ref .  Fig.  64") 


Table  10  in  the  coordinate  system  of  Fig. 64  .  A  photograph  illustrating  the 
placement  of  the  transducers  relative  to  the  injector  face  pattern  is  shown 
in  Fig. 76  . 

The  local  heat  fluxes  measured  at  three  locations  on  the  face  of  triplet 
injector  ICC6  are  listed  in  Table  11  along  with  location  of  these  elements 
in  the  coordinate  system  of  Fig. 66  .  The  locations  of  the  instruments  are 
further  illustrated  relative  to  the  injector  face  pattern  in  Fig. 77 

The  measured  local  heat  fluxes  ranged  from  1.78  to  7.71  Btu/in'2sec  with 

injector  ICC2A  and  ranged  from  0.70  to  5.77  Btu/in2sec  with  injector  ICC6. 

At  fixed  contraction  ratio,  the  heat  flux  with  both  injectors  varied  with  P 

c  ’ 

the  chamber  pressure,  raised  to  approximately  the  0.8  -  0.9  power.  This 
variation  agrees  with  the  analytical  model  presented  earlier  in  ths  report, 
which  predicts  that  heat  flux  should  vary  approximately  3s  and 

it  also  agrees  with  the  observed  effects  of  chamber  pressure  upon  heat  transfer 
at  downstream  locations  for  developed  turbulent  pipe  flow. 

Heat  flux  trends  shown  in  runs  19-21  and  28^30  with  injector  ICC2A  together 
with  the  trends  particularly  shown  in  runs  34-36,  48-50,  and  73-75  with 
injector  ICCS  indicate  a  very  significant  effect  of  mixture  ratio  upon  the 
injector  face  heat  flux.  However,  the  mechanism  for  this  apparent  effect  is 
certainly  not  clear,  primarily  for  two  reasons.  First,  the  mixture  ratio 
variation  was  not  made  independently  of  chamber  pressure.  Secondly,  with  a 
fixed  injector  face  geometry  and  orifice  size,  the  changes  in  mixture  ratio 
represent  corresponding  changes  in  the  impinging  stream  momenta  of  the  injected 
propellants,  drop  sizes,  and  drop  mixture  ratio  distribution,  all  of  which 
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TABLE  11  ,  SUMMARY  OF  INJECTOR  FACE  HEAT  FLUXES  MEASURED 
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shocld  effec;  ibe  sear  ir.iecior  combustion  and  therefore  the  heat 
transfer  tc-  tac  injector  face. 

It  may  be  noted  the  limited  he":t  flux  results  shown  in  Tables  10  and  11  do 
not  indicate  a  particularly  wide  spatial  variation  in  heat  transfer.  In 
particular,  the  variation  in  measured  heat  flux  during  a  particular  motor 
firing  between  transducers  F5-3  and  HT-5  which  occupy  similar  locations 
on  the  ICC2A  face  pattern  indicate  that  the  spatial  variation  in.  heat  flux 
may  not  be  much  greater  than  the  probable  +  20  percent  apparent  scatter  in 
results  indicated  by  the  vcriance  between  the  two  transducers.  However,  the 
limited  number  of  locations  at  which  heat  transfer  data  were  obtained  are  not 
sufficient  to  eithe  r  establish  or  disprove  the  wide  variation  in  local  heat 
transfer  which  is  predicted  by  the  analytical  model.  As  shown  in  the 
correlated  results  for  ir.jector  heat  transfer  in  the  Analytical  Development 
Section,  the  empirical  coefficients  in  the  model  provide  a  reasonable  fit  of 
experiment  to  calculation  for  a  limited  number  of  points  without  demonstrating 
the  overall  applicability. 

Similarly,  the  agreement  between  the  data  and  the  analytical  model  concerning 
the  combined  effects  of  chamber  pressure  and  contraction  ratio  upon  heat 
transfer  does  not  prove  that  the  analytical  model  based  upon  a  recirculatory 
convection  driven  by  droplet  drag  is  better  than  a  prediction  based  purely 
upon  injection  mass  density  (which  is  also  dependent  upon  chanaber  pressure  and 
contraction  ratio).  However,  the  analytical  model  predicts  that  the  recircula¬ 
tion  is  proportional  to  the  propellant  injection  velocity.  This  is  directly 
proportional  to  injection  mass  density  only  for  a  fixed  orifice  size;  therefore, 
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a  key  set  of  experiments  to  establish  the  model  validity  would  involve 
repeating  the  motor  firings  with  the  element  orifices  enlarged  to  give  reduced 
injection  velocities  at  similar  injection  densities. 

The  actual  correlation  of  the  injector  face  heat  transfer  results  to  the  analytical 
model  is  discussed  in  the  Analytical  Developments  Section  of  this  report  {pp  99-108). 

Chamber  Pressure  Profile 


The  chamber  pressure  profiles  measured  with  injector  ICC2A  are  listed  in 
Table  12.  The  desired  exaggerated  profile  was  achieved  during  the  firings 
made  at  a  contraction  ratio  of  1.045  (runs  9-14),  and  the  resultant  axial 
pressure  gradient  was  therefore  used  as  described  in  the  Analytical 
Developments  Section  (pp.  81  -85  )  to  define  the  axial  variation  of  spray 
vaporization  and,  by  extrapolation,  the  initial  degree  of  vaporization 
to  be  assigned  by  LISP.  Analysis  of  the  pressure  profiles  obtained  with  the 
2.15  and  4.3  contraction  ratios  indicated  that  they  could  not  be  utilized 
with  sufficient  confidence  to  define  a  contraction  ratio  effect  on  initial 
vaporization  for  use  in  the  LISP  program. 

An  anomolous  variation  in  was  noted  with  contraction  ratio  with  injector 
ICC2A.  As  shown  in  Tables  10  and  12  ,  combustion  efficiency  was  highest  at 
the  highest  contraction  ratio;  i.e.,  the  highest  L+,  but  the  combustion 
efficiency  was  also  better  at  the  lowest  contraction  ratio,  1.045,  than  at  the 
intermediate  contraction  ratio  of  2.15.  According  to  the  data,  the  enhanced 
secondary  breakup  at  the  low  contraction  ratios  must  outweigh  the  effect  of  low 
L*  and  provide  improved  performance. 
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The  axial  pressure  profiles  measured  with  injector  ICC6  are  listed  in  Table  13 
together  with  the  overall  performance  results.  The  flowrates  shown  in 
Table  13  during  the  low  contraction  ratio  tests  in  the  S. 0-inch  combustion 
chamber  were  uncertain.  The  oxidizer  turbine  flowmeters  gave  erratic  readings 
and  flowrates  were  recalculated  based  upon  the  calibration  of  the  cavitatiag 
venturi  and  the  oxidizer  injection  pressure  drop.  However,  the  resultant 
errors  in  overall  combustion  efficiency  (note  calculated  71  greater  than 
100  percent  in  runs  6S-68)  made  the  interpretation  of  the  chamber  pressure 
profiles  impossible  for  injector  ICC6. 

Examination  of  the  overall  combustion  efficiency  results  shown  in  Table  13 
also  indicates  that  performance  was  higher  at  both  the  4.3  and  1.045  contraction 
ratios  than  at  the  intermediate  2. IS  contraction  ratio. 
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SUMMARY  OF  LOCAL  STATIC  PRESSURE  DISTRIBUTIONS  MEASURED 
WITH  UNLIKE  DOUBLET  INJECTOR  ICC2A 
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*  Distance  from  injector 
**  Not  taken,  Runs  6-14  and  Runs  25-32 


TABLE  13.  SUMMARY  OF  LOCAL  STATIC  PRESSURE  DISTRIBUTIONS 

MEASURED  WITH  TRIPLET  INJECTOR  ICC6  (RUNS  34-86) 
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SPRAY  HEAT  TRANSFER  EXPERIMENTS 


A  brief  experimental  program  was  conducted  to  determine  whether  propellant  spray 
impingement  upon  chamber  walls  contributes  significant  cooling  and  also  determine 
whether  this  cooling  could  be  correlated  sufficiently  well  to  be  incorporated 
into  the  BLEAT  heat  transfer  program.  Either  water  or  burning 
UDMH  propellant  spray  from  a  single  doublet  element  was  directed  against  a 
stainless  steel  strip  which  could  be  electrically  heated.  Heat  transfer  rates 
were  determined  either  from  the  electrical  power  generation  within  the  strip  or 
from  the  transient  response  of  thermocouples  spot  welded  to  the  back  surface  of 
the  strip.  The  experiments  were  carried  out  in  open  air  to  minimize  ordinary 
convective  heat  transfer  from  combustion  gas.  A  limited  correlation  was  made 
of  the  experimental  results  obtained  with  water.  The  data  obtained  with  burning 
propellant  spray  indicated  that  any  liquid  spray  cooling  was  counteracted  so 
strongly  by  heat  transfer  from  entrained  combustion  gas  that  a  simple  but 
reliable  heat  transfer  correlation  will  be  obtained  only  after  comprehensive 
experimental  investigation. 

EXPERIMENTAL  APPARATUS 


The  test  section  consisted  of  a  vertical  stainless  steel  strip  5.0-inch  long 
x  1.0-inch  wide  x  .032- inch  thick.  The  strip  was  silver  soldered  between  two 
copper  bus  bars  so  that  the  strip  could  be  electrically  heated.  The  back  wall 
(the  side  of  the  strip  away  from  the  impinging  spray)  was  instrumented  with 
either  six  or  ten  spot  welded  chrome 1 / alumel  thermocouples  to  measure  the  wall 
temperature.  Spray  impinged  upon  the  front  surface  of  the  strip  from  a  single 
unlike  doublet  element  positioned  1.0-inch  upstream  from  upper  end  of  the  heated 
strip.  The  stream  impingement  point  was  0.68-inch  away  from  the  strip  in  the 
direction  normal  to  the  strip  surface.  Injector  orifice  diameters  were  0.043- 
inch.  The  impinging  streams  of  the  doublet  element  formed  a  fan  whose  impinge¬ 
ment  was  "edge-on"  to  the  centerline  of  the  test  section.  The  heated  strip  was 
mounted  on  a  large  vertical  plate  to  prevent  water  or  recirculating  gas  from 
reaching  the  back  surface  of  the  strip. 
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Electrical  heating  was  provided  by  a  pair  of  d-c  welding  generators  with  a  rated 
output  of  30  kw.  The  current  through  the  test  section,  together  with  the  voltage 
drop  between  the  copper  bus  bars,  defined  the  resistive  heating  in  the  test 
section  during  the  experiments  with  water.  All  the  electrical  power  dissipation, 
except  for  a  small  correction  provided  for  natural  convection  and  for  conduction 
through  the  bus  bars,  was  assumed  to  be  absorbed  by  the  water. 

The  millivolt  outputs  of  the  strip  thermocouples  were  recorded  on  a  multi¬ 
channel  digital  voltmeter.  Electrical  current,  voltage,  flowrates  of  water  and 
propellants,  and  the  necessary  liquid  supply  tank  pressures  for  controlling 
flowrates  were  all  recorded  on  Brown  recording  potentiometers. 

EXPERIMENTAL  PROCEDURE  AND  RESULTS 

The  actual  heat  transfer  experiments  were  preceded  by  cold  flows  in  which  water 
spray  from  the  doublet  was  collected  at  positions  equivalent  to  the  test  section 
axis.  These  experiments  established  the  weight  flux  of  liquid  spray  impinging 
upon  the  test  section  required  for  correlation  of  heat  transfer  data. 

The  experiments  with  water  were  performed  by  establishing  a  desired  water  flow 
rate,  bringing  the  electrical  current  slowly  to  a  desired  level  and  then,  after 
allowing  approximately  one  minute  for  steady  state  conditions  to  be  established, 
recording  the  back  surface  temperatures  of  the  thermocouples.  Electrical  power 
levels  were  progressively  increased  until  the  test  section  burned  out  or  showed 
signs  of  thermal  distortion.  The  experiments  with  the  burning  propellant  spray 
were  performed  by  procedures  equivalent  to  a  model  rocket  motor  firing. 

Duration  of  the  burning  propellant  spray  experiments  was  ordinarily  3-5  seconds. 

The  heat  transfer  experiments  with  water  were  performed  at  injection  velocities 
of  70  to  92  ft/sec.  These  velocities  resulted  in  local  spray  mass  fluxes 
to  the  test  section  which  ranged  from  0.006  Ib^/in^ec  to  0.038  lb  /in2sec 
depending  upon  both  injection  flow  rate  and  location  on  the  strip.”  Heat  fluxes 
ranged  from  .065  tai/ln  sec  to  1.43  Btu/in2sec  in  the  experiments.  The  wall 
temperatures  ranged  from  the  injection  temperature  of  the  water  (50-58  F) 
to  860  F  depending  upon  both  location  and  heat  flux. 
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Fifteen  experiments  were  performed  with  the  507.  UDMH  propellant 

combination.  All  the  tests  were  performed  at  a  single  nominal  mixture  ratio, 

1.25,  in  order  to  balance  the  momenta  of  the  impinging  streams  and  therefore 

keep  a  proper  fan  impingement  on  the  test  section.  Most  of  the  experiments  were 

performed  with  an  initially  cold  strip;  however,  in  several  of  the  experiments, 

the  strip  was  preheated  to  approximately  300-400  F  by  electrical  heating  at  a 

low  power  level.  The  cooling  produced  by  liquid  impingement  in  these  experiments 

was  apparently  lass  than  the  convection  from  the  entrained  combustion  gases  in 

the  spray  jet  because  back  wall  temperatures  of  the  strip  rose  to  temperatures  as 

high  as  1700  F  after  5  seconds.  When  a  transient  conduction  analysis  was 

applied  equivalent  to  that  described  in  the  sections  dealing  with  the  model 

2 

motor  firings  (see  p.  182  ),  net  heat  fluxes  ranging  from  0.04  Btu^in  sec 
2 

to  0.39  Btu/in  sec  were  calculated, 

DISCUSSION  OF  EXPERIMENTAL  RESULTS 


Correlation  of  the  spray  heat  transfer  data  consisted  of  the  evaluation  of  an 
accomodation  coefficient  (or  Stanton  number}  relating  the  heat  absorbed  by  the 
impinging  spray  to  the  possible  heat  absorption.  In  this  context,  the  definition 
for  Stanton  number  becomes 


St  = 


C  w_ 
p  R 


■  ■  l/.A 

wv(T  - 


P  X 


wV 


,  2 
where  w^  is  the  local  spray  mass  flux  (lbm/in  sec)  normal  to  the  wall  and  the 

specific  heat  defined  by 


C 

P 


acy-  g<y 

TW  "  T£ 


includes  latent  heat  effects.  Based  upon  the  previous  spray  heat  transfer  work 
of  Holman  and  McGinnis  (Ref.  29  )  and  Nurick  (Ref.  28  )  the  following 

general  non-dimensional  relation  was  chosen 


St  Pr'6  «  Wea  Cob 
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where  the  dimensionless  Weber  number  and  concentration  number  groupings  are 
defined  by 


We 


Vr2° 

'^c 


A  least-squares  fit  of  the  spray  heat  transfer  data  obtained  from  water  with  an 
electrically  heated  strip  during  the  current  program  resulted  in  the  following 
relation  for  Tw  «=  TgAT 


2.1  We"‘23Co~*07 


When  the  surface  temperature  in  the  experiments  exceeded  212  F  (the  saturation 
temperature  of  water),  it  was  necessary  to  develop  a  second  correlation 


The  preceding  relationship  was  substantially  more  effective  in  correlating  the 
experimental  data  for  wall  temperatures  up  to  approximately  800  F.  However,  it 
Should  be  noted  that  a  correlation  of  data  at  wall  temperatures  between  212  F 
and  800  F  does  not  necessarily  imply  the  successful  prediction  of  spray  heat 
transfer  at  the  ablative  chamber  wall  temperatures  (1000  F  to  2500  F)  encountered 
in  regions  of  maximum  spray  impingement.  Developing  a  reliable  method  required 
that  equivalent  results  be  obtained  with  water  and  reactive  propellants. 


Figure  78  shows  the  temperature  response  of  the  strip  thermocouples  during 
a  typical  reactive  spray  heat  transfer  experiment.  Of  particular  interest  is 
the  fact  that  the  local  temperatures  have  not  begun  to  level  off  at  temperatures 
as  high  as  1600  F.  If  the  cooling  effect  of  liquid  spray  impingement  is 
calculated  by  means  of  Eq.  82  ,  then  the  overall  positive  heat  transfer  rate 
shown  in  the  temperature  histories  of  Fig.  78  indicates  that  the  heat 
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transfer  by  convection  from  entrained  combustion  gas  had  not  been  minimized  by 
running  the  experiment  in  open  air  as  was  crucial  in  the  concept  of  the  experi¬ 
ment.  Under  these  circumstances,  the  direct  cooling  effects  of  liquid  propellant 
spray  impingement  cannot  be  compared  in  a  simple  fashion  to  the  spray  heat 
transfer  data  with  water;  the  comparison  is  entirely  a  function  of  the  assumed 
direct  heat  transfer  from  the  gas.  A  useful  correlation  of  burning  propellant 
spray  impingement  heat  transfer  will  therefore  only  be  obtained  after  a  more 
comprehensive  investigation.  Such  an  investigation  must  include  a  wider  range 
of  surface  temperatures  (longer  heating  times)  and  should  also  include  a  range 
of  mixture  ratios.  It  can  be  concluded  from  the  experiments,  however,  that  spray 
cooling  is  not  particularly  effective  when  the  mixture  ratio  of  the  impinging 
liquid  spray  is  such  that  high  flame  temperatures  are  produced. 
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TEMPERATURE 


Figure  78.  Transient  Temperature  Response  of  the  Backwall  of 

Heat  Strip  Exposed  to  Burning  '50%N^H^-50%  UDMH 
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DEMONSTRATION  ANALYSES  OF 
MOTOR  FIRING  EXPE RIMENTS 


INTRODUCTION  AND  SUMMARY 

Four  analyses  were  made  (or  attempted)  of  motor  firing  experiments  to  evaluate 
the  usefulness  of  the  Injector/ Chamber  Compatibility  Model  in  real  design  and 
development  problems.  These  problems  included: 

1.  Case  TCC-I,  the  analysis  of  injector  face  heat  transfer  for  an  AFRPL 

motor  firing  performed  at  the  Edwards  facility  to  evaluate  the  IHTM 
program. 

2.  Case  TCC-2,  the  analysis  of  the  chamber  wall  heat  flux  and  performance 
in  a  motor  firing  performed  at  Rocketdyne  under  conditions  equivalent 
to  a  regenerative ly  cooled  engine.  (The  purpose  of  this  case  was  to 
evaluate  tire  capabilities  of  the  overall  system,  and  particularly  of 
the  new  BLEAT  program,  for  regen eratively  cooled  systems). 

3.  Case  TCC-3,  the  analysis  of  ablative  wall  response  in  an  AFRPL  motor 
firing  performed  at  Edwards  with  a  triplet  element  injector  and  the 
IRFNA/HYDYNE  propellant  combination.  (The  objective  of  this  analysis 
was  to  demonstrate  the  overall  system  far  ablative  wall  applications.) 

4.  Case  TCC-4,  analysis  of  an  AFRPL  motor  firing  made  with  a  multi-element 
coar.ial  injector  and  the  GH^/LC^  propellant  combination.  (The  objective 
of  this  case  was  to  determine  whether  the  changes  in  the  LISP  program 
would  permit  analysis  of  gas/liquid  injectors). 

The  nrst  three  cases  were  processed  through  the  required  computer  programs  and  the 
resultant  predictions  were  compared  to  the  corresponding  experimental  results.  The 
analysis  of  case  TCC-4  was  not  completed  after  a  partial  processing  of  the  problem 
through  the  LISP,  3D-C0MBUST,  and  STRMTB  programs  indicated  that  the  LISP  modifi¬ 
cations  made  during  the  project  were  not  sufficient  by  themselves  to  permit  analysis 
of  gas/liquid  systems. 
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The  comparison.  between  experimental  data  and  analytical  predictions  in  the  first 
mree  cases  results  in  mixed  conclusions  about  the  effectiveness  of  the  overall 
system  or  computer  programs;  both  capabilities  and  limitations  were  demonstrated 
tor  the  programs.  After  selection  of  a  realistic  definition  of  limiting  face 
temperature,  the  IHTM  program  predicted  several  compatibility  problem  areas  on 
the  injector  where  erosion  was  actually  encountered.  However,  the  analysis  did 
not  make  predictions  about  manifold  effects  and  reactive  stream  blowapart  effects 
which  seemed  to  be  very  important  for  the  actual  injector.  Local  heat  flux  was 
correctly  predicted  in  Case  TCC-2  over  those  portions  of  the  chamber  where  ordinary 
turbulent  forced  convection  was  occurring.  However,  an  unusual  reduction  in  throat 
region  heat  flux  measured  in  the  actual  experiment  did  not  follow  ordinary  forced 
convection  theory  or  other  rocket  nottle  corrections;  this  unusual  behavior  was 
also  not  predicted  by  the  BLEAT  program.  In  Case  TCC-5,  the  location  of  streaking 
patterns  produced  in  the  experiment  by  tne  injector  configuration  was  correctly 
predicted  by  the  combination  of  the  LISP,  3D-C0MBUST,  and  STRMTB  computer  programs. 
However,  when  a  calculation  of  ablative  wall  response  to  the  predicted  gas-side 
boundary  conditions  was  attempted  on  the  AFRPL  computer  using  the  2D-ABLATE  com¬ 
puter  program,  unexplained  numerical  instabilities  were  encountered  in  the  calcu¬ 
lation  which  led  to  obviously  incorrect  erosion  prediction. 

The  general  conclusion  drawn  from  the  demonstration  cases  was  that  effective  design 
calculations  can  be  made  from  the  Injector/Chamber  Compatibility  system  of  computer 
programs,  but  that  a  number  or  limitations  still  exist  which  must  be  appreciated 
b/  the  user  before  application  of  the  system  is  made  to  specific  problems. 
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ANALYSIS  OF  DEMONSTRATION  CASE  TCC-1 


The  objective  of  Demonstration  Case  TCC-1  was  to  evaluate  the  capabilities  of  the 
injector  face  heat  transfer  model  in  analyzing  a  real  injector-  The  motor  firing 
experiment  analyzed  for  this  purpose  was  performed  at  the  Air  Force  Rocket 
Propulsion  Laboratory  with  an  injector  designated  as  Flints tone  No.  31,  and  with 
the  CTF/M-20  propellant  combination.  Motor  firings  were  made  at  nominal  chamber 
pressures  of  300  and  500  psia.  Test  conditions  during  the  motor  firings  are 
summarized  below. 


Test  Conditions 

During  Demonstration  Case  TCC-1 

Parameter 

500  psia  Case 

300  psia  Case 

Chamber  Pressure,  psia 

500 

300 

Mixture  Ratio 

3.02 

3.15 

Fuel  Flowrate,  lbm/sec 

2.95 

3.5 

Oxidizer  Flowrate,  lbm/sec 

9.0 

11.1 

Bum  Duration,  seconds 

120 

20 

Throat  Diameter,  inches 

2.29 

3.31 

Chamber  Diameter,  inches 

6.0 

6.0 

The  injector  contained  169  fuel  and  169  oxidizer  like-doublet  elements  in  six 
concentric  rings.  Orifice  diameters  for  the  fuel  elements  were  0.020  inch;  for 
the  oxidizer  elements,  the  orifice  diameters  were  0.025  inch.  Impingement  angles 
for  alt  elements  were  60  degrees.  A  high  degree  of  radial  mixture  ratio  bias 
was  provided  by: 

(1)  Enlarging  the  outer  orifice  of  the  outboard  oxidizer  elements  to 
turn  the  fans  from  these  elements  away  from  the  chamber  wall 


*  CTF  is  the  designation  for  chlorine  trifluoride  oxidizer.  M-20  is  the  desig¬ 
nation  for  80%  hydrazine-20%  monomethlyhydrazine  fuel  blend. 
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(2)  An  outward  radial  displacement  of  0.20  inch  of  the  outboard  ring  o£ 

36  fuel  elements  relative  to  the  outboard  ring  of  36  oxidizer  doublets 

(3)  Canting  the  outboard  oxidizer  el.eir.encs  12  degrees  radially  Inward 

while  keeping  the  outboard  fuel  elements  aligned  with  the  chamber  axis. 

Setup  of  Analysis 

Because  of  the  size  of  the  injector  it  was  necessary  to  split  the  analysis  into 
several  regions.  A  pie-shaped  slice  of  the  injector  end  bounded  by  planes  of 
symmetry  (15  degrees  wide),  was  selected  for  the  analysis  of  the  inner  element 
rows;  a  pie-shapei  slice  of  5  degrees  width  was  selected  for  the  analysis  of 
the  outer  element  rows.  The  distribution  of  injector  elements  in  and  around 
these  slices  are  shown  in  Fig.  79  .  Keeping  within  the  IHTM  limitation  of  20 
basic  orifices  and  SO  dummy  orifices  required  that  the  inner  and  outer  row  slices 
be  further  sub-divided  into  smaller  pie-shape  slices.  Shown  in  Fig.  80  are  the 
final  slices  selected  for  the  outer  element  rows.  Figs. 81  and  82  show  the 
final  slices  selected  for  the  inner  element  rows.  Figs.  80  through  82  also 
distinguish  bet\<een  the  orifices  that  were  considered  in  the  analysis  to  be 
basic  orifices  and  those  which  were  considered  to  be  dummy  orifices. 

Evaluation  of  the  IHTM  program  was  made  in  terms  of  its  ability  to  predict  the 
regions  of  injector  face  erosion  encountered  during  the  motor  firing  experiment. 
For  this  purpose,  it  was  necessary  to  establish  a  definition  of  the  conditions 
under  which  injector  face  erosion  is  expected.  On  the  assumption  that  the 
nickel  surface  of  the  injector  was  reasonably  compatible  with  the  combustion 
gas  at  all  mixture  ratios,  erosion  was  defined  as  occurring  only  when  the 
injector  face  temperature  approached  the  melting  point  of  nickel  (3110R).  A 
reference  wall  temperature  of  3000R  was  therefore  selected  for  use  with  the 
IHTM  analysis.  Erosion  was  considered  likely  only  at  the  locations  where  the 
gas  temperature  adjacent  to  the  injector  face  was  above  3Q00R  such  that  a 
positive  heat  flux  was  calculated.  However,  because  a  regenerative  cooling  of 
the  face  is  supplied  by  the  fuel  flowing  through  the  radial  feed  passages 
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Figure  80a  Layout  of  Injector  Elements  In  and  Around  Flintstone 
Injector  Segment  Extending  From  R  -  2.19  Inch  to 
R  =  3.00  Inch  (shaded  area) 


Figure  80b  Layout  of  Injector  Elements  In  and  Around  Flintstone 
Injector  Segment  Extending  From  R  =  1.75  Inch  to 
R  =  2.19  Inch  (shaded  area) 


O  BASIC  ORIFICE 
•  DUMMY  ORIFICE 


Figure  81  Layout  of  Injector  Elements  In  and  Around  Innermost  Slice 
of  Flintistone  Injector  Analyzed  for  Heat  Transfer 
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Figure  82a  Layout  of  Injector  Elements  In  and  Around  Flintstone  Injector 
Segment  Extending  From  R  =  1.312  Inch  to  R  =  1.75  Inch 
Cs haded  area) 


Figure  82b  Layout  of  Injector  Elements  In  and  Around  Flintstone  Injector 
Segment  Extending  From  R  =  .875  Inch  to  R  =  1.312  Inch 
(shaded  area) 
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shown  in  Fig.  83  ,  a  second  calculation  of  heat  transfer  was  required  in  the 
potential  erosion  areas  indicated  by  the  IHTM  program  to  determine  whether  the 
regenerative  cooling  capability  of  the  fuel  was  sufficient  to  lower  the  face 
temperature  while  absorbing  the  incoming  heat  flux.  The  regenerative  cooling 
capability  of  the  fuel  was  defined  by  two  criteria: 

(1)  The  gas  side  heat  flux  must  be  less  than  the  peak  nucleate  boiling 
heat  flux  of  the  M-20  fuel  blend. 

(2)  The  conduction  temperature  drop  between  the  injector  face  and  the 
coolant  passage  required  to  transmit  the  face  heat  flux  to  the 
coolant  must  be  less  than  (3000R-TgAT)  where  TgAT  is  the  saturation 
temperature  of  the  fuel  at  the  chamber  pressure  of  the  experiment. 

No  directly  applicable  nucleate  boiling  heat  transfer  data  were  available  for 
the  M-20  fuel  blend,  or  for  the  separate  fuel  constituents  at  the  low  velocity 
but  highly  subcooled  conditions  of  the  flow  passages.  However,  an  extrapola¬ 
tion  of  available  hydrazine,  monomethylhydrazine,  and  50$  N2H4-S0%  UDMH  data 

at  higher  velocities  and  lower  subcooling  indicated  that  a  nominal  value  of 
2 

5.0  Btu/in  sec  could  be  assigned  as  the  maximum  allowable  heat  flux. 
Similarly,  an  analysis  of  the  second  criterion  indicated  that  the  conduction 
requirement  could  be  stated  as 


1.4 

Az 


MIN 


Cinch} 


where  is  the  shortest  distance  from  a  given  location  on  the  injector  face 

to  the  nearest  fuel  passage  and  is  the  allowable  injector  face  heat 

flux  calculated  from  conduction  limitations  by  assuming  a  nickel  conductivity 
of  0.0007  Btu/inch  sec  R  and  a  (3Q0QR-950R)  available  AT. 


Results  of  the  IHTM  Analysis 

Each  of  the  five  slices  of  the  injector  shown  in  Tig,  80  through  Fig.  82  were 
processed  through  the  IHTM  computer  program.  A  face  temperature  of  3000  R  was 
assumed  in  each  of  the  heat  transfer  calculations.  Ihe  computer  analysis  was 
made  only  for  the  lower  chamber  pressure  of  300  psia.  The  face  heat  fluxes 
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Figure  83 


Layout  of  Fuel  Orifice  Feed  Passages  Supplying 
Regenerative  Cooling  to  Flintstone  Injector  Face 


calculated  at  oOO  psia  were  scaled  up  by  a  factor  of  1.14,  which  corresponds  to 
the  ratio  of  the  parameter  Cpg  tfinj)0‘4  evaluated  at  a  chamber  pressure  of  500  psia 
to  the  same  parameter  evaluated  at  300  psia.  This  scaling  method  was  done  according 

to  the  discussion  on  p.  108.  With  the  assumed  high  face  temperature,  negative  heat 

fluxes  Cheat  flowing  from  the  injector  face  into  the  combustion  gas)  were  calculated 
at  many  locations  on  the  injector.  These  calculations  have  no  real  physical  meaning, 
of  course,  because  the  real  face  temperature  would  assume  a  lower  value  at  these 
locations;  however,  the  negative  local  fluxes  conveniently  indicate  the  areas  where 
no  face  erosion  problem  is  expected. 

The  heat  fluxes  calculated  along  rays  at  the  0.0  and  5.0  degree  locations  of  Fig.  79 
are  shown  in  Fig.  84  and  Fig.  85,  respectively.  When  heat  fluxes  were  calculated  as 
negative,  they  have  been  set  equal  to  zero.  Both  the  directly  calculated  results 
at  a  300  psia  chamber  pressure  and  the  scaled  results  at  500  psia  are  shown.  Also 

shown  in  Fig.  84  and  85  are  the  predicted  allowable  heat  fluxes  based  upon  the  two 

regenerative  cooling  criteria  listed  above.  From  the  graphical  results  shown  in 
the  two  figures,  two  conclusions  may  be  drawn.  First  of  all,  it  appears  that  no 
face  erosion  problem  was  expected  at  the  lower  chamber  pressure.  At  the  higher 
chamber  pressure,  no  erosion  was  predicted  near  the  center  of  the  injector.  At 
chamber  radii  from  approximately  2.D  inch  out  to  the  chamber  wall,  a  number  of  mar¬ 
ginal  locations  are  predicted  along  the  5.0-degree  ray.  The  locations  of  maximum 
predicted  heat  flax  shown  in  the  graphs  correspond  to  the  computer  program  mesh  points 
adjacent  to  oxidizer  orifices  in  the  outer  two  rings  of  oxidizer  elements,  in  general 
the  maximum  predicted  face  heat  flux  was  predicted  to  encircle  the  oxidizer  orifices 
in  the  outer  rings .  These  locations  also  correspond  to  the  locations  of  minimum 
allowable  heat  flux  from  regenerative  cooling  criteria.  Face  erosion  was  therefore 
considered  most  likely  near  the  outer  oxidizer  orifices. 


The  analysis  predicted  a  marginal  rather  than  a  failure  condition  at  the  regions  of 
highest  heat  flux.  However,  the  assumption  made  in  the  analysis  that  the  nickel 
surface  can  approach  to  within  100R  of  its  melting  temperature  without  chemical 
attach  was  certainly  optimistic.  A  lower  allowable  surface  temperature  based  upon 
chemical  corrosion  considerations  must  both  increase  the  predicted  face  heat  flux 
and  reduce  the  regenerative  cooling  capability.  Under  the  circumstances,  erosion 
near  the  oxidizer  orifices  was  considered  likely  to  occur  at  the  higher  chamber 
pressure. 
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in  sec  FACE  HEAT  FLUX  --Btu/in  sec 


4.0 


Lgure  84  Face  Heat  Flux  For  a  Surface  Temperature  of  3000  R  Along  0-Degree 
Ray  Corresponding  to  Fuel  Orifices 
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The  appearance  of  the  Flintstone  injector  after  the  500  psia  motor  firing  is  shown 
in  Fig.  86.  Whereas  the  analysis  had  predicted  a  marginal  compatibility  situation 
rather  than  an  obvious  failure  condition  (with  damage  most  likely  near  the  outer 
orifices),  the  real  motor  firing  produced  very  severe  face  burning.  Damage  was 
heaviest  at  the  center  of  the  injector  where  the  face  had  eroded  back  into  the 
radial  fuel  reed  passages  shown  in  Fig.  83;  however,  substantial  erosion  also 
occurred  at  chamber  radii  from  2.0  to  2.70-inch,  corresponding  approximately  to 
the  radial  location  of  the  two  outboard  rings  of  oxidizer  elements.  The  damage 
near  the  center  of  the  injector  was  so  severe  that  it  was  impossible  to  trade  the 
sequence  of  events  by  which  gross  failure  had  occurred;  however,  consideration 
Of  the  relative  erosion  depths  suggested  that  an  initial  burnout  probably  occurred 
at  the  quadlet  element  in  the  very  center  of  the  injector  and  that  the  subsequent 
maldistribution  of  propellant  flow  propagated  the  failure  to  the  nearby  elements. 


Because  the  injector  compatibility  was  substantially  different  from  the  analytical 
prediction,  a  review  was  made  of  both  the  general  assumptions  made  in  the  analysis 
and  of  the  particular  configuration  of  the  Flintstone  injector.  Based  upon  this 
review,  four  factors  which  were  not  considered  in  setting  up  the  analysis  appear 
to  have  possibly  contributed  in  various  degrees  to  the  differences  between  the 
real  and  the  predicted  behavior.  These  factors  are; 

1*  The  reactivity  of  fluorine  oxidizers  with  metals  can  cause  the  melting 
point  of  the  injector  face  to  become  a  completely  unrealistic  standard 
reference  point  for  defining  a  limiting  wall  temperature.  As  discussed 
on  p.  212,  a  lim: tin  surface  temperature  100R  below  the  melting  point 
of  nickel  was  selected  as  the  basis  for  heat  transfer  calculations  with 
a  nominally  compatible  material,  chiefly  because  the  melting  point  is  a 
well  defined  parameter,  while  corrosion  and  strength  limits  are  much  harder 
to  establish  in  a  simple  consistent  manner.  However,  a  brief  review  of  the 
literature  indicates  that  the  real  limiting  temperature  is  substantially 
lower.  Godwin  and  Lorenzo  (Ref.  30)  reported  that  nickel  wires  ignited 
in  fluorine-containing  atmospheres  at  surface  temperatures  of  1096  to 
1219C  (24-60  to  2690R) .  In  an  earlier  reference,  Simons  (Ref.  31)  prescribes 
a  limiting  temperature  cf  only  750C  (1840R)  for  nickel  in  contact  with 
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fluorine.  If  the  more  optimistic  compatibility  data  of  Godwin  and  Lorenzo 
are  used  to  define  a  surface  temperature  of  2500R  as  the  point  at  which 
surface  burning  is  very  likely  to  occur,  and  this  temperature  is  employed 
as  the  reference  temperature  for  heat  transfer  calculations,  the  original 
predictions  shown  in  rig.  34  and  85  are  changed  to  the  revised  predictions 
snown  in  Fig.  S7  and  33.  The  changes  represent  an  increase  in  expected 
gas -side  heat  transfer  due  to  an  increased  4T  between  combustion  gas  and 
t.ie  lower  surface  temperature,  and  a  very  substantial  decrease  in  allowable 
heat  flux  due  to  the  decrease  in  available  AT  within  the  injector  walls. 

As  shown  in  Fig.  88,  erosion  is  predicted  to  be  very  likely  in  the  region 
corresponding  to  the  outboard  oxidizer  orifices  (where  erosion  was  noted), 
and  a  possible  compatibility  problem  is  predicted  near  the  center  of  the 
chamber. 


2.  The  burnout  heat  flux  of  the  M-20  fuel  coolant  flowing  in  radial  passages 
behind  the  injector  face  was  estimated  to  be  5.0  Btu/in2sec.  Although 
this  value  is  probably  realistic  for  the  portions  of  the  passages  where 
a  positive  cross-flow  is  maintained,  it  may  not  be  correct  for  the  end  of 
passages  where  the  flow  stagnates  (Fig.  S3).  However,  these  stagnation 
locations  are  just  the  region  where  the  heat  flux  from  the  center  of  the 
injector  (i.e.,  the  point  of  most  severe  erosion)  had  to  be  absorbed.  A 
oreakdown  in  fuel  cooling  is  therefore  a  possible  mechanism  for  the  injector 
failure.  Unfortunately,  although  stagnation  in  hydrazine  coolant  passages 
has  been  blamed  for  failures  in  a  number  of  previous  rocket  engine  programs, 
no  quantitative  data  exist  to  directly  substantiate  this  mechanism  and  it 
can  only  be  considered  a  possibility. 


5.  The  heat  transfer  analysis  assumed  good  distribution  of  propellants  in 
their  respective  manifolds  and,  therefore,  uniform  propellant  injection 
velocities  across  the  injector  face*.  However,  an  inspection  of  the  actual 
hardware  indicates  that  a  serious  maldistribution  of  oxidizer  may  have 
resulted  from  introduction  to  its  dome  manifold  from  a  single  centrally 
located  downcomer  passage.  The  likely  effect  of  the  oxidizer  manifolding 

♦Drawings  of  the  propellant  manifolds  were  not  available  for  the  original  analysis. 
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Figure  87  Face  Heat  Flux  (Along  0°  Ray)  For  a  Revised  Surface 


Temperature  of  2S00R 
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Figure  88  Face  Heat  Flux  (Along  5°  Ray)  For  a  Revised  Surface 
Temperature  of  2500R 
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arrangement  would  be  to  produce  a  higher  Injection  velocity  at  the  center 
of  the  injector  and,  therefore,  a  higher  heat  flux  in  that  region  and  a 
lower  heat  flux  near  the  outboard  elements.  Although  the  possible  increase 
m  heat  flux  at  the  center  of  the  injector  is  not  considered  to  be  suffi¬ 
cient  by  itself  to  produce  a  failure  condition  at  that  location,  the  inter¬ 
action  of  all  of  the  first  three  factors  provides  a  possible  explanation 
for  the  pattern  by  which  the  injector  burned  out, 

4.  The  analysis  made  of  the  Flintstone  injector  assumed  that  no  combustion 
gas  was  generated  close  to  the  injector  face  and  out  through  the  element 
impingement  points;  all  of  the  near-injector  gas  flows  are  considered  to 
be  recirculation  driven  by  gas-droplet  drag  forces.  This  assumption  is 
considered  to  be  particularly  appropriate  for  like  doublet  injectors  simi¬ 
lar  to  the  Flintstone,  and  the  assumption  probably  introduced  no  difficulties 
in  the  analysis  except  at  the  very  center  of  the  injector.  As  shown  in 
Fig.  79,  the  center  of  the  Flintstone  injector  is  occupied  by  a  quadlet 
(symmetrical  two-on-two]  element  whose  mean,  impingement  point  was  only 
O.ll-inch  from  the  injector  face.  Based  upon  the  reactive  stream  blow- 
apart  studies  of  Nuridc  and  Cordill  with  (Ref.  32),  a  powerful 

reaction  and  net  combustion  gas  generation  would  exist  at  the  impingement 
point  of  the  quadlet.  Because  the  four  converging  liquid  streams  form  a 
sort  of  "umbrella”  over  the  generated  gas,  a  powerful  recirculation  pattern 
would  then  be  expected  behind  the  impingement  point,  with  a  subsequent  high 
local  heat  flux  to  the  injector  face  in  and  around  the  four  quadlet  orifices. 
Because  no  accepted  correlation  exists  for  impingement  point  gas  evolution, 
no  capability  for  analyzing  such  a  situation  was  programmed  into  the  IH1M 
model  and  no  special  consideration  was  given  to  the  quadlet  area  in  the 
Flintstone  analysis. 

The  four  considerations  discussed  above  provide  explanations  for  the  differences 
between  analytical  predictions  and  experimental  results  with  the  Flintstone  injector 
and  indicate  several  areas  in  which  the  program  must  be  judiciously  employed.  In 
particular,  it  appeal's  that  the  limiting  surface  temperature  must  be  carefully 
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selected,  that  possible  effect  of  manifolding  upon  the  injection  velocities  from 
individual  elements  should  be  considered,  and  finally  the  limitations  of  the 
present  analysis  for  bipropellant  elements  and  very  reactive  propellant  combina¬ 
tions  should  be  appreciated-  Alternatively,  at  least  a  simplified  theoretical 
model  for  the  recirculation  behind  an  element  under  "blowapart"  conditions  should 
be  developed  and  incorporated  into  the  IHTM  model. 
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ANALYSIS  OF  CASH  TCC-2 


Demonstration  case  TCC-2  consisted  of  the  analysis  of  a  motor  firing  experiment 
made  at  Rocketdyne  with  the  FIOX/LPG  propellant  combination  under  NASA  Contract 
NAS 3-1119 9  (Ref.  5).  Its  purpose  was  to  evaluate  the  ability  of  the  overall 
in j ect or/ chamber  compatibility  model  to  predict  heat  transfer  and  performance  with 
the  highly  cooled  chamber  walls  typical  of  regeneratively  cooled  thrust  chambers. 
The  conditions  during  the  motor  firing  (designated  as  Test  No.  8  in  Ref.  S)  are 
summarized  below. 

Test  Conditions  During  Motor  Firing  TCC-2 


Chamber  Pressure,  psia 

103.8 

Mixture  Ratio 

3.75 

Fuel  Flowrate,  Ibra/sec 

2.72 

Oxidizer  Flowrate,  Ibm/sec 

10.22 

Throat  Diameter,  inch 

5.70 

Chamber  Diameter,  inch 

8.06 

Chamber  Length  ( injector- to- throat) , 

inch 

15.77 

Chamber  Length  (injector- to- start  of 

convergence) ,  inch 

12.19 

Contraction  Ratio 

2.0 

The  FLOX  oxidizer  was  a  blend  of  70%  fluorine  and  30%  oxygen.  The  LPG  fuel  was 
the  55%  ethane -45%  methane  eutectic  blend. 

The  injector,  designated  as  LD-1  in  Ref.  5  contained  112  Uke-doublet  pair 
elements  in  six  concentric  rings.  Fuel  orifice  diameters  were  0.020  inch,  oxidizer 
orifice  diameters  were  0.029 -inch,  and  stream  impingement  angles  were  60  degree. 
Other  pertinent  data  for  the  individual  elements  (see  Fig.  9  f0r  nomenclature^ 
were: 


Fan  cant  angle,  y 

r 

Element  spacing,  X 
Fan  spacing, y 


0.0  d-.gree 
0. 20-inch 
0.0- inch 
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The  52  elements  in  the  outer  ring  were  canted  15  degree  toward  the  chamber  axis 
for  chamber  wall  compatibility. 

The  uncooled  copper  chamber  walls  were  instrumented  with  thermocouples  attached 
to  the  back  wall  at  a  number  of  axial  and  circumferential  locations.  The 
transient  temperature  response  of  these  thermocouples  defined  local  heat  flux 
during  short  duration  motor  firings.  The  heat  fluxes  measured  during  the  test 
analyzed  in  demonstration  case  TCC-2  are  listed  in  Table  14  . 

Although,  heat  fluxes  shown  in  Table  14  were  measured  at  three  circumferential 
locations,  these  locations  were  not  referenced  to  the  injector  face  pattern; 
therefore  the  circumferential  measurements  serve  only  as  an  indication  of  local 
deviation  from  the  average  heat  flux  at  a  given  axial  station. 


2 

Table  14  Chamber  Wall  Heat  Flux  (Btu/in  sec) 
Obtained  with  Injector  LD-1 


Axial 
Station 
| (Inch) 

Heat  Flux 

V 

Heat  Flux 
<  °2 

Heat  Flux 
°3 

Heat  Flux 
Average 

f 

V2.50 

2.63 

2.78 

2.80 

2.74 

3.07 

NT 

3.29 

3.18 

3.37 

3.38 

3.35 

3.37 

2.71 

2.99 

2.98 

2.89 

-NT~ 

3.35 

3.00 

3.17 

14.07 

2.65 

NT 

NT 

2.65 

14.57 

NT 

3.40 

2.72 

3.06 

15.46 

2.47 

NT 

NT 

2.47 

15.7- 

KT 

2.78 

2.35 

2.57 

16.34 

2.14 

NT 

NT 

2.14 

16.84 

NT 

2.16 

1.80 

1.98 

*Not  taken 
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The  axial  variation  of  the  heat  fluxes  listed  in  Table  14  shows  an  unusual  char¬ 
acteristic.  The  average  heat  flux  at  a  given  axial  station  does  not  maximize  at 
or  immediately  upstream  of  the  nozzle  threat  as  ordinarily  expected  in  thrust 
chamber  heat  transfer.  This  anomolous  behavior  was  exhibited  to  some  extent  in 
all  the  heat  transfer  results  reported  in  Ref.  S  for  12S  motor  firings  made  with 
a  variety  of  injector  configurations,  chamber  lengths,  contraction  ratios,  cham¬ 
ber  pressures,  and  mixture  ratios.  The  heat  flux  generally  maximized  approxi¬ 
mately  2-inches  upstream  of  the  geometric  throat  (approximately  halfway  through 
the  convergence  section)  and  then  decreased  rather  sharply  despite  the  fact  that 
the  axial  velocity  and  axial  mass  flux  were  increasing.  The  anomolous  heat  trans¬ 
fer  behavior  was  particularly  true  of  the  earlier  motor  firings,  including  test 
No.  8,  where  the  heat  fluxes  maximized  in  the  combustion  chamber  and  then  de¬ 
creased  monotonically  in  the  nozzle.  Because  the  unusual  axial  heat  transfer 
profile  represented  the  consistent  results  of  20  local  measurements  along  the 
wall,  it  cannot  logically  be  attributed  to  a  faulty  thermocouple  or  to  other  in¬ 
strumentation  problems.  The  authors  of  Ref.  5  had  no  explanation  for  the  ex¬ 
perimental  heat  transfer  anomoly  in  the  nozzle  throat  region  which  seemed  to 
violate  all  conventional  heat  transfer  theory. 
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Setup  of  the  Analysis 


Analysis  was  made  of  a  pie-shaped  slice  of  the  chamber  22.5  degrees  wide.  The 
distribution  of  the  like-doublet-pair  elements  within  and  around  this  repeating 
segment  of  the  chamber  cross  section  is  shown  in  Fig.  89  .  The  standard  spray 
coefficient  correlations  contained  in  the  LISP  subroutine  library  for  the  like- 
doublet  -pair  element  were  employed  in  the  analysis.  Mean,  droplet  diameters  of 
0.003-inch  were  defined  for  both  propellants.  Performance  parameters  and 
combustion  gas  properties  were  calculated  by  means  of  the  Rocketdyne  N-e lenient 
performance  program  (Ref.  35) . 

Results  of  the  Analysis 

The  initial  spray  distribution  was  calculated  by  the  LISP  program  in  a  plane 
1.00-inch  downstream  of  the  injector.  At  this  plane,  the  Rupe  mixing  index, 

E^,  was  79.3  and  the  mixing- limited  characteristic  exhaust  efficiency,  was 

94.2  percent.  After  the  analysis  was  processed  through  the  3O-C0MBUST  and 
STRMTB  programs,  the  final  calculation  of  overall  characteristic  exhaust  effi¬ 
ciency,  n  *,  was  98.8  percent.  This  performance  prediction  reflected  the  cal¬ 
culated  mixing  in  the  3D-C0MBUST  zone.  The  experimental  value  of  r)c*,  as  reported 
in  Ref.  5,  was  97.1  percent. 

The  3D-C0MBUST  program  was  employed  to  a  point  2. 22- inch  downstream  of  the  in¬ 
jector,  at  which  location  approximately  64.5  percent  of  the  injected  propellants 
were  calculated  to  have  burned.  Because  no  experimental  measurements  of  wall 
heat  flux  less  than  2.50-inch  dovmstream  of  the  injector  are  reported  in  Ref.  5 
(see  Table  14),  no  calculations  of  30- COM BUST- region  heat  transfer  were  made  in 
the  BLEAT  analysis. 

In  the  throat  region,  the  calculated  mixture  ratio  at  the  chamber  wall  ranged 

from  3.40  to  6.41  with  a  corresponding  variation  in  T...  from  6730R  to  7437R.* 

AW 

In  the  combustion  chamber  at  a  distance  of  3. 05- inch  downstream  of  the  injector, 
the  calculated  wall  mixture  ratio  ranged  from  3.67  to  6.09  with  a  corresponding 
variation  in  calculated  from  5520R  to  5907R.  The  lower  values  of  calculated 
T  w  in  the  combustion  chamber '^result  from  the  lower  percent  vaporization  of  the 

■"•circumferential  variation 
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propellants.  Because  the  motor  firing  experiment  was  of  short  duration  in  a 
copper  chamber,  the  reference  wall  temperature  for  heat  transfer,'  R£F>  was 
selected  as  600R  which  corresponds  approximately  to  the  mean  wall  temperature 
measured  during  the  experiment.  Under  these  circumstances,  the  range  of  the 
circumferential  variation  in  listed  above  is  seen  to  produce  a  negligible 
percentage  variation  in  gas-to-wall  AT. 

The  calculated  average  h^at  flux  at  given  axial  stations  is  compared  to  the  ex¬ 
perimental  average  heat  flux  in  Fig.  90.  The  agreement  between  the  calculated 
and  the  experimental  heat-  fluxes  is  good  in  the  combustion  chamber  but  is  poor 
in  converging' portion  of  the  nozzle.  A  possible  explanation  for  this  discrepancy 
may  be  the  laminarization  of  the  boundary  layer  due  to  the  high  acceleration  of 
the  combustion  gas  in  this  region.’--,  The  axial  variation  of  the  Launder  acceleration 
parameter  (see  p.  13  73  is  showj^iii  Fig.  91.  The  experimental  heat  fluxes  fall  be¬ 
low  the  calculated  heat  fluxes  $t  the  location  where  the  laminarization  is  usually 
considered  to  occur  but  less  than  the  conservative  critical  value  of  3.0  x  10“6 
which  is  assigned  in  the  BLEAT  computer  program  as  the  lower  limit  for  calculation 
of  reduced  heat  flux  by  Eq.  75.  The  lack  of  agreement  may,  therefore,  reflect  the 
conservative  definition  of  the  effects  of  re laminarization  deliberately  built  into 
the  BLEAT  analytical  model  (because  relaminarization  phenomena  are  not  as  yet  con¬ 
sidered  to  be  fully  understood)  rather  than  a  breakdown  of  the  model  itself  in  the 
converging  region  of  the  nozzle. 

Fig.  92  compares  the  experimental  heat  fluxes  with  the  values  calculated  when  the 
critical  Launder  parameter  is  defined  as  2.0  x  10~6.  The  agreement  is  substantially 
improved  in  the  converging  portion  of  the  nozzle.  It  would  be  substantially  better 
if  the  constant  coefficient  0.008  in  Eq.  75  were  made  an  increasing  function  of  the 
total  acceleration  work  performed  on  the  gas  (the  integral  of  the  acceleration  with 
axial  distance)  as  suggested  in  Ref.  22.  However,  such  refinement  is  not  presently 
considered  warranted  for  conservative  rocket  nozzle  calculations  because  most  of 
the  available  data  concerning  acceleration  effects  have  not  been  performed  at  the 
high  heat  flux  conditions  of  interest.  For  reference,  the  heat  flux  profile  cal¬ 
culated  by  the  widely  used  simplified  Bartz  correlation  is  also  presented  in  Fig.  92. 
It  is  seen  that  the  unusual  decrease  in  nozzle  heat  transfer  exhibited  in  the  Test  8 
data  are  also  not  predicted  by  other  conventional  rocket  heat  transfer  correlations. 
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Figure  90  Comparison  of  Calculated  Axial  Keat  Flux  Profile  for 

FLOX/LPG  Motor  Firing  Test  No.  S  With  Circumferentially 
Averaged  experimental  Results 


Figure  91  Variation  of  Launder  Acceleration  Parameter  With 
Distance  From  Injector  During  FLOX/LPG  Test  No.  8 
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JliiAT  FUUX~Btu/in  sec 


Figure  92  Comparison  of  Experimental  Heat  Flux  Profile  for 
FLOX/LPG  Motor  Firing  Test  No.  8  With  Calculated 
Axial  Profile  Using  Additional  Allowance  for 
Acceleration,  and  With  Simplified  Bartz  Correlation 
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analysis  OF  case  TCC-3 


°7nSCratl.0n  TCC-5  of  *0  -.1*1.  of  a  motor  firing  experiraent 

e  uitn  me  IRFNA/HtDYN-E  propellant  combination  at  the  Air  Force  Rocket  Propul- 
sion  Laboratory.  The  objective  of  the  analysis  was  to  evaluate  the  ability  of  the 
new  computer  programs  to  predict  ablative  wall  compatibility.  The  chamber  pressure 
and  the  propellant  flowrates  during  the  experiment  are  classified  information, 
t.er  nominal  conditions  pertinent  to  the  experiment  are  summarized  below. 

Test  Conditions  During  .Motor  Firing  TCC-3 


Mixture  Ratio  Nominal) 

Throat  Diameter,  inch 

Chamber  Diameter  (at  injector),  inch 

Chamber  Length  (injector- to- throat) ,  inch 


3. 0 
1.16 
2.64 
7.63 


The  injector  consisted  of  eighteen  triplet  elements  !ocated  on  circles  of  two  basic 
diameters  and  a  single  quadlet  element  Seated  at  the  center  of  the  injector. 

■e  -r  p  et  e.ement  utilised  a  pair  of  oxidizer  jets  impinging  on  a  single  fuel 
stream  at  a  distance  of  . 025-inch  from  the  injector  face. 

For  the  triplet  elements,  oxidizer  orifice  diameters  were  0. 032-inch.  For  the 
twelve  trzplet  elements  located  on  the  outer  baste  diameter  of  2.00-inch,  the 
fuel  orifice  diameters  were  0.026-i„=h;  for  the  six  elements  on  the  inner  basic 
dlemater  of  1.25-inch,  the  fuel  orifice  diameters  were  0.028-inch.  The  quadlet 
orifice  diameters  were  °.028-i„ch  and  0.0469-inch  for  fuel  and  oxidizer 
respectively.  The  injector  face  pattern  is  shown  in  Fig.  93.  tt  should  be  noted 

Chirr”  £anS  are  °rlented  al“S  “  —  —  Parallel  to  the 


The  thrust  chamber  employed  a  unique  design  consisting  of  a  regeneratively 
cooled  outer  jacket  surrounding  a  phenolic  refrasil  chamber  liner  and  a  JTA 
graphite  throat  insert.  A  Hasteiloy-X  skirt  is  provided  downstream  of  the  nozzle 
insert.  A  schematic  representation  of  the  chamber  wall  configuration  is  shown  in 
Fig  94.  The  real  contours  of  the  interface  between  the  ablative  liner  and  the 
throat  insert  and  of  the  Hastelloy-X  skirt  are  slightly  simplified  in  Fig.  94 
for  inclusion  in  the  3D-ABLATE  wall  response  program. 
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Setup  of  the  Analysts 


The  pie-shaped  slice  of  the  chamber  cross  section  shown  in  Fig.  93  was 
selected  for  analysis.  This  30  degree  slice  represents  a  repeating  segment  of 
the  injector  face  pattern  and  therefore  should  be  representative  of  the  entire 
chamber  cross  section.  Eleven  injector  elements  were  considered  in  the  LISP 
analysis,  including  all  six  inboard  triplet  elements,  the  four  outboard  triplets 
at  the  0,  30,  SO  and  330  degree  locations  of  Fig.  95  and  1/12  of  the  center 
quadlet  element. 


Although  the  diameter  ratio  of  the  triplet  elements  was  outside  the  range  over 
which  the  empirical  spray  coefficients  of  Fig.  15  through  19  were  correlated, 
lack  of .alternate  data  made  it  necessary  to  employ  the  standard  triplet  spray 
coefficients.  The  quadlet  element  at  the  center  was  described  as  a  Type  8 
element  (see  page  18  ) .  The  a  and  b  coefficients  were  assigned  values  of 
10.0  for  all  four  propellant  orifices;  the  other  spray  coefficients  for  the 
quadlet  were  assigned  zero  values. 


Although  the  real  thrust  chamber  converged  uniformly  from  a  diameter  of  2.64- 
inch  at  the  injector  face  to  a  2.08-inch  diameter  at  a  distance  6. 50- inch ’down¬ 
stream  as  Shown  in  Fig.  94,  it  was  necessary  to  assign  a  constant  mean 
chamber  diameter  of  2.50-inch  for  the  first  1.90  inch  of  the  chamber  to  permit 
use  of  3D- COMBUST  program  which  is  restricted  to  a  constant  chamber  area.  The 
usual  15  x  7  system  of  radial  and  circumferential  mesh  lines  was  utilized  in 
both  the  LISP  and  3D-C0MBUST  analyses.  Twenty  seven  stream  tubes  were'  used 
in  the  STRMT3  program. 


Performance  parameters  and  combustion  gas  properties  were  calculated  by  means  of 
the  Rocketdyne  N-elemenc  performance  program  (Ref.  33  ).  Liquid  properties 
for  the  IRFXA  (inhibited  red  fuming  nitric  acid)  and  HYDYNE  (60%  UDKH-40% 
die thylene triamine)  propellants  were  obtained  from  the  Aerojet  General 
Corporation  propellant  handbook.  (Ref.  34-). 
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Results  of  the  Analysis 


The  initial  spray  distribution  was  calculated  by  the  LISP  program  in  a  plane 
1.20-inch  downstream  of  the  injector.  At  this  plane,  the  Rupe  mixing  index, 

EM,  was  calculated  to  be  7T.S  and  the  mixing-limited  characteristic  exhaust’ 
efficiency,  was  92.2  percent.  The  attachment  point  for  the  wall  boundary 

layer  (the  point  where  the  gas  and  spray  velocities  are  equal)  was  also  calcu-” 
lated  to  occur  at  this  same  plane,  1.20-inch  from  the  injector  face. 


After  Che  analysis  was  further  processed  through  the  3D-C0MBUST,  STRMTB  and  BLEAT 
programs,  tne  calculated  overall  characteristic  exhaust  efficiency  rose  to 
9o.9  percent,  including  a  vaporization  efficiency  of  97.7  percent  and  a  mixing- 
limited  efficiency  of  96.0  percent. 


At  the  nozzle  throat,  the  calculated  mixture  ratio  at  the  wall  ranged  from  1.40 
to  4.12.  The  adiabatic  wall  temperature  as  calculated  by  the  BLEAT  program  ranged 
from  oI2iR  to  5475R.  The  circumferential  variations  of  mixture  ratio  and  T  ,  are 
shown  in  Fig.  95.  Comparison  of  Fig.  95  with  the  injector  face  pattern  shoZ  in 
Fig.  93  shows  that  points  of  lower  mixture  ratio  correspond  approximately  to 
the  location  of  the  outboard  triplet  elements  with  the  highest  mixture  ratio 
occurring  approximately  midway  between  the  outboard  elements.  Because  the 
maximum  stagnation  temperature  corresponds  to  a  mixture  ratio  of  3.0  for  the 
I RFN'A/HYDYNE  propellant  combination,  the  predicted  points  of  maximum  T 
shown  in  Fig.  95  are  displaced  to  either  side  of  the  midway  point  between 
outboard  elements. 


The  calculated  circumferential  variations  in  mixture  ratio  and  T  at  a 
distance  of  3.96-inch  from  the  injector  face  are  shown  in  Fig.  96  .  The 
Shape  of  the  curves  is  essentially  the  same  as  at  the  throat,  although  the 
adiabatic  wall  temperatures  at  all  circumferential  locations  are  approximately 
10  percent  lower  than  the  corresponding  throat  values 

Comparison  of  the  T^.  distributions  in  both  Fig.  9S  and  96  to  the  injector 
face  pattern  m  Fig.  93  indicated  that  a  streaking  pattern  should  occur  along 
most  of  the  length  of  the  chamber  which  should  be  periodic  with  the  outboard 
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WALL  MIXTURE  RATIO  _  WALL  MIXTURE  RATIO 


ANGULAR  COORDINATE— Degree 


Variation  of  Wall  Mixture  Ratio  and  Adiabatic  Wall 
Temperature  With  Angular  Coordinate  as  Defined  in  Fig.  95 
at  the  Nozzle  Throat 


ANGULAR  COORDINATE — Degree 

Figure  95  Variation  of  Wall  Mixture  Ratip  and  Adiabatic  Wall 
Temperature  With  Angular  Coordinate  3.96-iach  From 
Injector 
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triplet  elements.  The  cooler  Kail  region  should  be  aligned  approximately  with 
each  outboard  element  with  a  broad  hot  streak  occupying  most  of  the  intervening 
space.  As  shown  in  the  graphs,  a  slight  displacement  in  the  circumferential 
locations  of  the  calculated  maximum  is  apparently  associated  with  the  asym¬ 
metrical  location  of  the  inboard  triplet  elements  relative  to  the  30-degree  slice 
of  the  chamber  employed  in  the  analysis. 

Conversion  of  the  axial  and  circumferential  distribution  of  wall  mixture  ratio, 

TA*  and  hg  35  calculated  the  BLEAT  program  into  predictions  of  the  char  and 
erosion  rates  required  use  of  an  ablation/ conduction  wall  response  analysis. 
Initially,  the  2D- ABLATE  program  was  used  to  make  this  calculation  upon  the  IBM7040 
computer  at  Edwards  AFB.  This  program,  which  was  developed  for  the  Air  Force  by 
Rocketdyne  under  Contract  AF04(611M141S  (Ref.  35),  calculates  char  rate  and 
surface  recession  in  multi-material  thrust  chamber  walls  for  an  assumed  axisym- 
metric^fr, z)  geometiy.  Because  the  2D- ABLATE  program  does  not  consider  either 
circumferential  variations  in  boundary  conditions  or  the  effect  of  circumferential 
conduction  in  the  chamber  walls  and  requires,  in  addition,  a  constant  value  of 
TAW  for  erosi°n  calculations,  the  calculation  of  wall  response  to  the  "streaky" 
situation  shown  in  Fig.  95  and  96  could  not  be  calculated  rigorously.  Instead, 
separate  calculations  were  set  up  for  approximately  the  two  extremes  in  T  shown 
in  Fig.  95,  namely  5300R  and  3125R.  Alf 

Tne  lower  T^,  case  was  processed  through  the  2D- ABLATE  computer  program  and  re¬ 
sulted  in  a  prediction  of  no  erosion  in  either  the  throat  insert  or  in  the  combus¬ 
tion  liner  regions  of  the  wall  structure  shown  in  Fig.  94.  The  char  penetration 
in  the  phenolic  refrasil  chamber  liner  was  calculated  to  range  from  0.20- inch  to 
0.30-inch  for  the  nominal  bum  time.  However,  when  the  high  T  (5300R)  case 
was  processed  through  the  computer,  numerical  instabilities  encountered  in  the 
machine  calculation  prevented  its  successful  completion.  Examination  of  the  com¬ 
puter  printout  suggests  that  the  combination  of  a  regeneratively  cooled  liner  to¬ 
gether  with  the  high  conductivity  throat  insert  and  low  conductivity  phenolic 
refrasil  may  have  constituted  an  unacceptable  set  of  wall  regions  for  the  computer 
program.  An  alternate  calculation  of  charring 'and  erosion  for  the  high  temperature 
condition  was  then  made  at  Rocketdyne  using  the  THAB  con^uter  program,  a  one- 
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dimensional  analysis  in  a  cylindrical  (r)  coordinate  system.  The  THAB  program 
is  essentially  a  one- dimensional  version  of  2D-ABLATE  with  essentially  the  same 
mechanisms  for  charring  and  for  erosion  by  melting  and/or  chemical  attack.  In 
the  throat  region,  no  erosion  was  predicted  for  the  JTA  graphite  throat  insert.* 

In  the  combustion  chattier,  the  liner  was  calculated  to  erode  ([by  surface  melting) 
at  a  steady  rate  of  0. 00056  inch/sec  after  a  heat  up  period  of  42  sec.  This  re¬ 
sulted  in  the  prediction  of  a  total  recession  of  0.060- inch  for  its  nominal  bum 
period;  The  char  depth  was  predicted  as  0.16- inch.  The  calculation  was  very 
sensitive  to  the  value  assigned  to  T^«  When  the  THAB  calculation  was  repeated 
with  a  value  of  4900R  assigned  to  T^,  (corresponding  to  the  maximum  temperature 
at  the  combustion  chamber  location  shown  in  Fig.  96),  only  negligible  erosion  was 
predicted.  The  calculation  is  similarly  sensitive  to  the  local  value  of  h 

§ 

employed  in  the  calculation. 

The  wall  response  in  the  actual  motor  firing  experiment  was  qualitatively  similar 
to  that  predicted  in  the  analysis.  There  was  no  significant  throat  erosion  and  a 
streaking  erosion  pattern  was  obtained  in  the  combustion  chamber  which  correlated 
with  the  injector  face  pattern.  The  erosion  pattern  in  the  combustion  chamber 
is  shown  in  Fig.  97.  The  eroded  streaks  at  the  downstream  end  of  the  combustion 
chamber  liner  are  seen  to  lie  approximately  halfway  between  the  spots  of  virgin 
material  at  the  upstream  end  of  the  liner  which  are  presumed  to  correspond  to 
to  the  locations  of  maximum  spray  impingement,  i.e.,  to  be  in  line  with  fans  of 
the  outboard  triplet  injector  elements  (Fig.  93).  When  Fig.  93,  96,  and  97  are 
correlated  it  is  seen  that  the  streaks  of  maximum  erosion  are  in  line  with  the 
regions  of  high  shown  in  Fig.  96.  The  depth  of  the  eroded  grooves  was  not 
completely  uniform  around  the  chamber  periphery;  gouging  of  the  refrasil  was  most 
extensive  over  approximately  120  degrees  of  the  periphery.  At  a  distance  of  4.0- 
inch  from  the  injector  face  (corresponding  to  the  conditions  in  Fig.  96),  the 
depth  of  grooves  ranged  from  only  0. OS-inch  to  a  maximum  of  approximately  0.17- 
inch.  The  average  depth,  in  the  most  severely  eroded  portion  was  approximately  0.12- 
inch. 


*The  mechanism  for  erosion  of  JTA  graphite  was  assumed  to  be  the  same  as  that 
for  silicon  carbide,  namely  decomposition  of  the  silica  protective  layer;  however, 
the  thermal  conductivity  of  ATJ  graphite  was  employed  in  the  calculation. 
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Propellant  Combination  and  Triplet  Injector 


Char  depths  in  the  refrasil  liner  at  the  4.0-inch  distance  from  the  injector 
ranged  from  approximately  0.20  to  0.25-inch  at  the  eroded  portions  of  the  chamber 
to  0.30  to  0.3S-inch  in  the  noneroded  portions.  Apparently,  there  was  a  smearing 
of  the  char  front  advance  by  circumferential  conduction. 

The  qualitative  agreement  between  the  experimental  results  and  the  analytical 
predictions  is,  therefore,  seen  to  be  very  good.  The  occurrence  or  nonoccurrence 
of  erosion  was  predicted  at  the  proper  locations.  The  quantitative  agreement  is 
not  as  good;  the  degree  to  which  melting  erosion  occurs  was  generally  underpre¬ 
dicted  by  a  factor  of  2  to  3.  This  lach  of  agreement  is  probably  due  more  to 
uncertainty  in  the  details  of  the  melting  erosion  process  itself  within  a  given 
chamber  once  the  surface  temperature  reaches  high  levels  (it  is  certainly  a 
function  of  the  purity  of  the  refrasil  reinforcement  and  probably  of  the  fiber 
size  and  orientation,  as  well);  therefore,  the  overall  correlation  of  the  thrust 
chamber  compatibility  model  predictions  to  the  experimental  results  of  case  TCC-3 
is  considered  to  be  very  good. 
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ANAl.V/IS  OF 


:cc 


Demonstration  case  rCC-4  was  analyzed  to  evaluate  the  capabilities  and  ll,ita- 
"  '°"i'  "'f  °'eraU  :i;iaiy'lcr‘1  "oJo1  wich  ooaxi  a  I  element  gas/l  i«uid  injector?, 

*  "  cue. r  an  analysis  based  upon  bipropellant 

•:*;0"'LC;-  co:ii'i  tv  "J:l"reJ  to  gas/ liquid  systems  simply  by  providing  a 
'**" ~ ^ ~ * -O..  o.  two-pnase  mass  distribution  patterns  in  the  LISP  computer 

.-rograss.  tae  case  considered  for  this  purpose  was  a  motor  firing  experiment 
-ace  at  the  AFKPL  facility  at  Edward* .  California,  with  the  gaseous  hydrogen/ 
i -paid  oxygen  rid,  lO, i  propellant  combination  in  a  water-cooled  th-ust  chamber. 
I.ue  nominal  conditions  are  summarized  immediately  below. 


Test  Conditions  baring  Motor  Firing  ICC -4 

Chamber  pressure,  psia 

Mixture  Katie 

Fuel  Flowrate,  ibn/see 

Oxidizer  Flowrate,  1 bn/ sec 

Tnront  Diameter,  inch 

Chamber  Diameter  (injector  end),  inch 

lV. ameer  Lcngtn  < injector-to-throat) ,  inch 

Contraction  Ratio 


500 

6.0 

0.74 

4.44 

1.73 

5.50 

5.0(> 

4.00 


n,e  i.voctor  esployeJ  la  the  oxyerlwnt  is  shown  i„  Hs.  9S.  it  contained  40 
fej.v  Usuis  coaxial  eleaents  ip.  a  Si-mesh  transpiration  cooled  face.  Pertinent 
ui  me  ns  ions  of  the  coaxial  elements  wore: 


Liquid  Oxidizer  Or i rice  Diameter,  inch 
Oxidizer  Post  Diameter,  inch 
Cup  and  Annular  Orifice  I-xit  Diameter,  inch 
Post  Recess  in  Cup,  inch 


0.057 
0.073 
0. 161 
0.OSO 


JcMgn  or  tnc  injector  provided  for  a  transpiration  coolant  flow  rate  through 
Rigine.sn  injector  race  equal  to  S  percent  of  the  total  CH,  flow  or  0.050 
ion/ sec.  For  the  individual  coaxial  elements,  design  flow  rates  were  0.017 
ibrn/sec  for  the  CM,  fuel  and  O.lii  ibn/sec  for  the  1 iauid  oxvgen.  The  water 
cooled  copper  chamber  converged  gradually  over  the  entire  chamber  length  from 
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the  injector  end  diameter  of  5.  50- inch  to  rite  throat  diameter  of  1.75-inch.  Near 
the  injector,  however,  the  convergence  was  sufficiently  slow  to  permit  analysis 
on  the  basis  of  a  constant  chamber  diameter  as  required  by  the  5D-C0MBUST  analysis. 

Setup  of  the  Ana lysis 


The  setup  or  the  analysis  ivas  dictated  by  a  desire  to  differentiate  the  extreme 
circumferential  mass  and  mixture  ratio  gradients  anticipated  because  of  the  narrow 
spray  patterns  associated  with  the  gas/liquid  element  while  staying  within  the 
limit  of  seven  radial  mesh  lines  allowed  by  the  5O-C0MBUST  program.  The  narrow  15 
degree  slice  of  the  chamber  shot™  in  Fig.  93  was,  therefore,  selected  for  analysis 
rather  than  the  actual  45  degree  slice  which  comprises  the  repeating  interval  of 
the  injector  face  pattern.  This  choice  of  narrow  slice  required  that  the  four 
innermost  elements  be  divided  into  twelve  equivalent  elements  at  the  same  distance 
rrom  the  center  of  the  chamber  in  order  to  produce  a  pie-shaped  slice  whose  flow 
could  be  considered  typical  of  any  15  degree  portion  of  the  chamber  cross  section. 
Six  of  the  regular  coaxial  elements  in  and  around  the  15  degree  slice  were  con¬ 
sidered  ir.  the  analysis,  with  gas  and  spray  mass  distributions  defined  by  the 
Type  6  element  correlations  in  the  LISP  program.  The  transpiration  coolant  flow 
was  defined  as  being  a  Type  9  element  distributed  over  the  pie-shaped  slice. 

Results  and  Discussion  of  the  Analysis 


The  analysis  of  Case  TCC-4  was  made  in  the  usual  fashion  (successive  application 
of  tne  LIsP,  cD- COMBUST,  and  5TRMTB  computer  programs).  The  principal  conclu¬ 
sion  reached  after  examination  of  the  calculated  results  is  that  the  additions 
made  to  the  LISP  program  were  not,  by  themselves,  sufficient  to  adapt  the 
overall  model  to  gas/Iiquid  coaxial  injectors.  It  appears  that  a  number  of 
modifications  to  the  5D-C0MBUST  computer  program  will  be  required  before  the 
ga.'.  rlow  tie  Id  can  be  calculated  on  a  three-dimensional  basis.  The  calculated 
results,  whicn  are  discussed  in  the  following  paragraphs,  also  seem  to  indicate 
the  analytical  problems  are  due  to  the  combination  of  (1)  the  unusually  narrow 
liquid  spray  tan  as  compared  to  doublet  or  triplet  elements  and  (2)  the  rapid 
evaporation  rate  of  oxygen  as  compared  to  storable  propellants. 


The  propellant  distribut ion  was  calculated  In- 
distance  1.0-inch  downstream  of  the  injector. 


the  LISP  computer  program  at  a 
At  tills  plane,  the  liquid  oxygen 


was  calculated  to  be  4S.6  percent  vaporized  and  the  gas  velocity  profiles  from 
the  individual  elements  overlapped  to  an  extent  that  the  uniform  gas  velocity 
option,  in  LISP  (see  p.  79  )  ’'"as  applied.  Kith  this  option,  the  RUPE  mixing 
index,  was  calculated  to  be  only  59.4  percent  and  the  mixing  limited 
character  exhaust  effici enev,  X,,.  was  onlv  S9.5  oercent. 

Whereas  the  gas  velocity  (or  mass  flux)  profiles  could  be  considered  to  be 
completely  overlapped,  the  extreme  opposite  was  true  in  the  case  of  the  spray 
distribution.  Fig.  99  shows  the  mass  flux  distribution  of  the  unevaporated 
oxidizer  as  calculated  by  the  LISP  program  along  the  two  boundaries  of  the  IS 
degree  slice  of  the  chamber  which  was  analyzed  (see  Fig.  98  ).  The  distribution 
is  shown  in  terms  of  the  local  mesh  point  values  and  straight -line- segment 
gradients  in  which  calculations  are  performed  in  the  LISP  and  3D-C0M8UST  programs. 
Comparison  of  Fig.  99  and  9S  shows  that  the  spray  is  concentrated  at  the  elements 
with  negligible  spray  in  the  intervening  space.  The  calculated  order- of-magnitude 
differences  in  oxidizer  spray  flux  between  adjacent  mesh  points  are  in  agreement 
with  photographic  studies  of  combustors  using  gas/liquid  coaxial  element  injectors. 
These  studies  indicate  that  the  spray  remains  concentrated  in  slender  jets  until 
evaporation  is  essentially  complete. 

These  extreme  differences  in  oxidizer  spray  concentration  proved  to  be  incom¬ 
patible  with  the  numerical  procedures  employed  by  the  3D-C0MBUST  program  to 
solve  the  conservation  relations  for  droplet  mass  and  momentum  (Eq.  19  through 
21).  The  solution  of  this  non-linear  system  of  partial  differential  equations 
involves  alternate  direction  sweeps  in  the  r-  and  S-  directions,  a  procedure  which 
is  economical  in  computer  time  and  core  storage  requirements  relative  to  a  simul¬ 
taneous  solution  at  all  mesh  points.  However,  this  technique  is  numerically  unstable 
if  extreme  gradients  exist  in  both  directions.  Because  of  the  numerical 
instabilities  encountered,  the  3D-C0MBUST  computer  program  could  not  be 
employed  in  a  marching  calculation  over  the  region  in  which  non -uniformly 
generated  combustion  gas  must  be  distributed  by  transverse  velocities.  The 
nossibil ity  of  transferring  the  calculation  directly  from  the  LISP  program  to 
the  STRMIB  program,  was  investigated  to  see  whether  a  useful  calculation  could 
be  made.  This  procedure  proved  impractical  because  the  calculated  results  were 
dependent  upon  the  number  of  stream  tubes  employed  in  the  analysis. 
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SPRAY  MASS  PLUX--lbm/irt  sec 


Although  the  caiculational  problems  encountered  with  Case  TCC-4  proved  that 
tisc  auuitiOn  ol  -*■ zquid  muss  flux  correlations  to  the  LISP  program  were  not 

sufficient  to  permit  the  analysis  of  gas/liquid  coaxial  injector  systems  on  a 
three-dimensional  basis,  the  attempted  analysis  suggested  a  number  of  straight¬ 
forward  modifications  to  the  3D-C0MBUST  program  which  should  eventually  intro¬ 
duce  the  capability’'.  Because  both  cold  flow  and  motor  firing  experiments 
indicate  that  the  spray  from  a  coaxial  element  shows  little  transverse  dis¬ 
persion,  it  may  be  possible  to  remove  the  non-linear  transverse  spray  momentum 
equations  from  the  3D-C0MBUST  program.  This  simplification  amounts  to  the 
assumption  that  the  spray  will  act  only  as  line  sources  of  combustion  gases 
along  the  mesh  points  in  line  with  the  coaxial  elements.  A  more  elegant  (out 
still  straightfortvard)  procedure  is  to  employ  the  cold  flow  spray  distributions 
calculated  by  the  LISP  program  at  two  distances  from  the  injector  to  define  a 
spreading  coefficient.  This  coefficient  would  be  used  together  with  the  spray 
concentration  profile  to  calculate  the  lateral  dispersion  of  the  spray  by  a 
Poisson  diffusion  equation.  The  latter  procedure  does  not  ignore  lateral 
diffusion  but  replaces  the  non-linear  momentum  relations  with  a  stable  linear 
relation.  It  should  be  noted,  however,  that  the  proposed  methods  of  analysing 
coaxial  elements  would  require  a  particular  version  of  the  5D-C0MBUST  program 
which  is  not  meant  for  use  with  liquid/liquid  injection  systems. 


•Although  the  suggested  modifications  are  straightforward, they  were  beyond 
the  scope  of  the  present  project. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


CONCLUSIONS 

Improvements  have  been  incorporated  into  the  LISP,  3D-C0M8UST,  and  BLEAT  computer 
programs  which  will  allow  the  overall  Injector/Chamber  Compatibility  Model  to  make 
better  predictions  of  performance  and  chamber  wall  compatibi lity  for  both  ablative 
and  regeneratively-cooled  thrust  chambers  with  liquid/liquid  injectors. 

A  model  for  predicting  the  mass  distribution  downstream  of  multi-element  gas/liquid 
coaxial  element  injectors  has  been  added  to  the  LISP  program.  Additional  modifi¬ 
cations  to  the  30-C0MBUST  program  are  required  before  the  complete  combustion 
chamber  flovfield  can  be  predicted  for  this  type  of  injector. 

.An  injector  face  heat  transfer  computer  program  (IHTM)  has  been  developed  for 
liquid/liquid  injectors.  Based  upon  the  limited  effectiveness  of  IHTM  in  analysing 
a  motor  firing  conducted  by  the  Air  Force  at  Edwards,  California,  the  program  can 
be_  employed  where  the  near-injector  flowfield  is  not  dominated  by  manifold  effects 
or  reactive  stream  blowapart. 

Additional  experimental  investigations  of  burning  spray  heat  transfer  are  required 
before  wall  heat  transfer  can  be  confidently  predicted  by  the  BLEAT  computer  pro¬ 
gram  in  the  regions  of  heavy  spray  impingement. 


The  20-ABLATE  computer  program  which  is  used  to  analyte  the  charring  and  erosion 
response  of  multi-material  ablative  walls  is  subject  to  numerical  instabilities 
for  certain  combinations  of  wall  geometry  and  physical  properties.  These  instabili¬ 
ties  should  be  eliminated  from  the  program,  or  an  alternate  computer  program  should 
be  incorporated  into  the  injector/chamber  compatibility  system  of  programs. 

Effective  use  of  the  Injector/Chamber  Compatibility  Model  requires  an  experienced 
analytical  engineer  sufficiently  familiar  with  both  the  computer  programs  and  with 
rocket  combustion  and  heat  transfer  to  properly  set  up  the  problem  and  interpret 
the  calculated  results. 
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RECOMMENDATIONS 


A  number  of  straightforward  minor  modifications  to  the  system  of  computer  programs 
are  suggested  which  will  widen  their  range  of  application  and  are  expected  to  im- 


The  model  employed  in  LISP  for  the  multi-element  gas/ liquid  coaxial  injector  should 
be  modified  such  that  mass  and  momentum  continuity  relations  for  all  elements  are 
solved  simultaneously,  rather  than  for  individual  elements. 

The  spray  subroutines  in  5D-C0MBUST  should  be  modified  to  handle  the  extremely 
narrow  spray  fans  of  the  gas/ liquid  coaxial  element,  so  that  this  type  of  injector 
can  be  analyzed  by  the  overall  Injector/Chamber  Compatibility  Model. 

A  simple  model  for  reactive  stream  blowapart  and  manifold  effects  should  be  in¬ 
corporated  into  the  IHTM  program, so  that  face  heat  transfer  can  be  analyzed  for 
a  wider  range  of  injectors. 

In  addition  to  the  modifications  described  above,  the  data  from  a  wider  range  of 
experimental  motor  firings  should  be  analyzed  to  provide  a  more  thorough  evalua¬ 
tion  of  the  overall  system  of  computer  programs.  The  conclusions  from  these 
analyses  shall  be  incorporated  into  a  designer’s  guide  for  use  with  the  computer 
programs . 
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